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Characterisation of atmospheric fine particles using IBA
techniques

David D. Cohen !

Physics Division, Australiun Nuclear Science and Technology Organisation, PMBI, Menai, NSW 2234, Australia

Abstract

The study of fine particles in the atmosphere with diameters less than 2.5 um has recently become of considerable
interest to a broad range of researchers. Often these fine particles are collected on thin filters by samplers sucking
air through them. These thin filters are ideal targets for analysis and characterisation by accelerator based ion beam
analysis (IBA) methods. The IBA methods can analyse each of these filters, non-destructively, in a few minutes of ac-
celerator running time for up to 30 different elements from hydrogen to uranium. This ability to readily characterise the
fine particle composition on hundreds of filters means that statistical methods such as principal components analysis
(PCA) and chemical mass balance (CMB) techniques can be used to determine the source fingerprints and source con-
tributions for these large area sampling networks. © 1998 Elsevier Science B.V.

1. Introduction

Particles occur in the atmosphere with diame-
ters from nanometres to 50 um and above and
with widely varying residence times depending on
their diameters. Particulate matter with diameter
less than 2.5 um (PM2.5) is generally referred to
as fine particulate matter (FPM). Medical re-
searchers have defined the respirable fraction as
those particle with diameters less than 10 pm
(PM10) and the total suspended particulate
(TSP) fraction is all suspended matter, usually
with diameters less than about 50 ym.

Fine particles (PM2.5) are small enough to
penetrate deep into the lungs and hence have
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significant health implications for humans. Recent
work by Dockery et al. [1], shown in Fig. I, sug-
gested that PM2.5 particles, or more complex pol-
lution mixtures associated with fine particles,
contributed to excess mortality in certain US cities.
The gradient of the graph, in Fig. 1, shows a 15%
increase in the excess mortality rate per 10 pg/m?
increase in PM2.5 concentrations in the range 10~
30 pg/m?. Similar work by Pope et al. [2] showed
a 1.7% increase per 10 pg/m? for PM10 particles
in the range 30-200 pg/m®, demonstrating that
the finer the particle the more significant this effect
may be. The most significant result from these two
studies was that these effects were observed over
ambient particle concentration ranges found in
many cities in most countries around the world.
In Sydney, Australia annual average fine parti-
cle (PM2.5) concentrations for rural and urban
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Fig. 1. Estimated adjusted mortality-rate ratios against PM2.5
particle concentrations for six US cities, after Dockery et al. [1].

environments can differ by more than 10 pg/m®.
Adoption of the finding of these scientific reports
to the fine particle data collected in Sydney over
the past few years by us provides estimates of the
increased death rates due to fine particle air pollu-
tion of up to 15 per 100,000 in the more populated
regions of urban Australia for every 5 pug/m?® in-
crease in the fine particle concentration. These in-
creased death rates are comparable to or greater
than current death rates associated with motor ve-
hicle accidents in Australia. There is a strong need
to routinely monitor different particle sizes at the
same site for varied locations across urban Austra-
lia and not to rely on TSP or even PM 10 measure-
ments to provide vital fine particle (PM2.5) data
which is most strongly correlated with human
health issues.

The role of fine particles in climate change has
been reviewed by the Intergovernmental Panel of
Climate Change (IPCC) in their recent report [3].
Human activities are changing the atmospheric
concentrations of fine particle and greenhouse gas-
es affecting the absorption and reflection of solar
radiation and the emission and absorption of ter-
restrial radiation. This [PCC report gives the glob-
al radiative forcing as +2.1 to +2.8 W m™? for
greenhouse gases, —0.2 to —0.8 W m~ for sul-
phate aerosols, —0.07 to —0.6 W m~? for biomass
burning and 0 to —1.5 W m~? for cloud nucleation
by fine particles. Hence climate forcing by fine par-
ticles is generally opposite in sign and roughly

equal to that of the greenhouse gases. The green-
house gas effects on radiative forcing are reason-
ably well understood and are known with a
relatively high degree of confidence. Whereas the
confidence intervals on the particle effects are gen-
erally low or very low, more research is recom-
mended by the IPCC.

Fine particles also travel large distances, often
hundreds and even thousands of kilometres. They
are therefore important in pollution transport
studies. In modern cities, the bulk of these particles
may be man-made, being produced by combustion
processes such as in motor vehicle use, power gen-
eration and incineration. Fine particles are the
most efficient at scattering visible light and there-
fore have implications in the public perception of
ambient pollution levels.

Large area fine particle sampling networks con-
taining dozens of samplers producing hundreds, if
not thousands, of filters per year for analysis are
now common around the world [4-6]. The large
numbers of samples produced by these networks
are most efficiently characterised by the multiele-
mental techniques of accelerator based ion beam
analysis (IBA) [4-10].

2. Simultaneous IBA techniques

Using the 3 MV van de Graaff accelerator at
the Australian Nuclear Science and Technology
Organisation (ANSTO) we have been operating a
routine fine particle characterisation system since
1991 [6--8]. This IBA system, based on 8-10 mm
diameter proton beams of a few nanoamps, con-
sists of four channels, PIXE for elements from
Al to Pb, PIGME for light elements such as F,
Na and Al Rutherford backscattering (RBS) for
C, N and O and forward recoil analysis (FRA)
for hydrogen. These four techniques operating si-
multaneously provide elemental analysis for most
of the 24 or so commonly occurring elements in
fine particles including H, C, N, O, F, Na, Al, Si,
P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu,
Zn, Br and Pb at concentrations down to 1 ng/
m? of air sampled for just a few minutes of ma-
chine running time. In Figs. 2 and 3, we show typ-
ical PIXE spectra for a thin Teflon filter from
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Fig. 2. Typical PIXE spectrum obtained for a Teflon filter from
an urban site in inner Sydney for 2.6 MeV protons.
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Fig. 3. Typical PIXE spectrum obtained for a Teflon filter from
the global baseline site at Cape Grim in north western Tasma-
nia for 2.6 MeV protons.

Mascot, an inner city suburb of Sydney, and for
Cape Grim, an isolated global baseline station at
the most north western tip of the island of Tasma-
nia. These two filters were collected over a 24 h pe-
riod on the same day,

The spectrum for the Mascot filter clearly
shows peaks associated with fine soils (Al, Si,
Ti), coal burning (S), seaspray (Cl), wood burning
(K), industry (Mn, Fe, Cu, Zn) and motor vehicles
(Pb. Br). While the spectrum for Cape Grim has
considerably fewer peaks and obviously no signifi-
cant contribution from cars. These two PIXE spec-
tra were obtained using 15 nA of protons for less

than 5 min and demonstrate the power of IBA
methods for these types of relatively thin samples.

These IBA methods are fast, non-destructive
and multielemental. They are also quite precise,
sensitive and have relatively small errors associat-
ed with them. Fig. 4 shows typical measured ver-
sus nominal calibration concentrations for the
elements Al, Si, Cl, Ca, Fe and Sr. Each point is
the mean of 60 measurements over the six year pe-
riod from 1991 to 1996 inclusive and the error bars
represent one standard deviation. The nominal
standards were thin Micromatter foils with con-
centrations given to +5%. The overall mean of
these results, for these elements, was (1.00 £ 0.03)
showing the high precision, good reproducibility
and low errors associated with the method. Similar
calibrations for PIGME using sodium and fluorine
foils gave £15% and +9% respectively and for hy-
drogen analysis by forward recoil +8% standard
deviations over the same six year period.

For fine particles (PM2.5), mass loadings on fil-
ters are typically only a few hundred micrograrmis
per filter and elemental concentrations of interest
can be four orders of magnitude lower than this.
Fig. 5 shows typical minimum detectable limits
(MDL) for the four IBA techniques used through-
out this work. The MDL’s are expressed in ng/m?
of air sampled and can be converted to pg/em? of
material on the filter by multiplying by 14, since
the filter collecting area was 2.3 cm? and the sam-
pled volume was 32 m®. Sensitivities of 1-10 ng/m?
or higher are generally considered most adequate
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Fig. 4. Typical concentration for elements Al, Si, Cl, Ca, Fe and
Sr over a six year period compared with micromatter calibra-
tion standards.
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Fig. 5. Typical MDL obtained for PIXE (Al to U, K and L
lines, dots and circles), PIGME (Na, F, solid squares), RBS
(C. N, O, crosses) and FRA (H, open square) using 3 pC of
2.6 MeV protons.

since atmospheric loadings are typically 10-50 pg/
m® and most current goals and standards for clean
air are in the tens of pg/m® or above range. The
RBS C, N and O and the PIGME Na and F mea-
surements have poorer sensitivities than the other
two IBA methods employed. The open circles in
Fig. 5 are for polycarbonate filters around 1 mg/
cm? thick and the solid dots are for Teflon filters
of only 200 pg/cm?® thickness. For a large number
of commonly occurring elements in the periodic ta-
ble MDL’s of 10 ng/m® are readily obtainable.
The IBA methods use proton beams with suffi-
cient energy to totally penetrate both the fine par-
ticles on the filter and the filter itself. That is the
energy loss is such that the targets are thin targets.
It is therefore important to perform blank subtrac-
tions where necessary. Experience to date on thou-
sands of filters shows that Teflon filters generally
have very few elements other than carbon and flu-
orine present even at very low trace element levels.
However polycarbonate filters, like Nuclepore fil-
ters, may have relatively large amounts of silicon
(100-200 ng/m?), sulphur (60-80 ng/m?), chlorine
(0-40 ng/m?), nickel (0-5 ng/m?), iron (0-10 ng/
m?), or bromine (0-50 ng/m?) present in the filter
material itself. This may be a significant problem.
For example, 50 ng/m’® equivalent of bromine
can be larger than typical ambient amounts mea-
sured in some cities around the world today. Also
levels of nickel above 5 ng/m* for ambient urban
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Fig. 6. Comparison of IC and PIXE on 525 filters over four de-
cades of concentration.

air may also be considered to be relatively high.
For these filters, blank subtractions should always
be performed.

It is always important, for quality assurance
purposes, to compare the analyses with other anal-
ysis techniques on the same sample. The non-de-
structive nature of the IBA methods makes this
possible. Previously we showed comparisons of
IBA methods with neutron activation analysis
(NAA) on hundreds of filters [7,8]. These results
were generally within 3-5% of one another over
several concentration decades. In Fig. 6, we show
a similar comparison for the PIXE and the ion
chromatography (IC) techniques on 525 filters
(Teflon and polycarbonate) for the three elements
K, Ca and Cl. The fit to the data showed that the
two techniques agreed to within 2% of each other
with a typical spread of £14% over the concentra-
tion range from 0 to 1500 ng/m>. This excellent
agreement provided considerable confidence in
the IBA techniques for absolute filter trace element
analysis.

3. Fine particle characterisation

The ability of IBA methods to produce multi-
elemental information rapidly on large numbers
of samples means that information can be readily
obtained on large area networks, having dozens
of samplers which sample over long periods of
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time. Since 1991 we have analysed over 14,000
fine particle filters from more than 50 sampling
units across-Australia and internationally [7-11].
This is important if truly representative ambient
fine particle characteristics are to be obtained.
In Figs. 7-10, for example, we show PM2.5 con-
centrations for the Liverpool site in the Sydney
basin for a two year period (1995-1996) for the
total mass. H. S and Pb. Temporal plots of this
nature reveal obvious correlations. For instance,
H and Pb follow the same winter/summer pat-
terns being high in the winter months (June-Au-
gust) and low in the summer (December—
February) whereas S does not. Hydrogen (from
organic matter) and lead in petrol additives are
both associated with motor vehicles. It is also
clear from these plots that there are large varia-
tions in the PM2.5 mass as well as the individual
species that make up this mass. The heavy load-
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Fig. 7. Average monthly PM2.5 mass for the Liverpool site in
Sydney for 24 months from January 1995,
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Fig. 8. Average monthly PM2.5 hydrogen for the Liverpool site
in Sydney for 24 months from January 1995.
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Fig. 9. Average monthly PM2.5 sulphur for the Liverpool site
in Sydney for 24 months from January 1995.
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Fig. 10. Average monthly PM2.5 lead for the Liverpool site in
Sydney for 24 months from January 1995.

ings during the winter months of 1995 (June-Au-
gust) were not reproduced during the winter of
1996. Generally to find truly representative aver-
age ambient values one needs to sample at the
same site for several years.

A more detailed knowledge of the elements that
one may expect to be associated in any given sam-
ple can help enormously in the understanding of
the composition of fine particle in the atmosphere.
For example. the major components of airborne
soil may be oxides of Al, Si, Ti, Ca, and Fe and
a scatter plot of Al vs. Si for instance generally
shows good correlation when associated with air-
borne soils. An estimate of the total soil on a filter
can be made by defining ‘Soil’ as the sum of all
these elements in their oxide form [5,10]. Fig. 11
shows a plot of this Soil parameter versus silicon
for a range of industrial sites in iron and steel pro-
ducing areas and for sites not affected by industry.
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Fig. 11. A scatter plot of Soil versus silicon for industrial and
non-industrial sites in NSW. Australia.

The dots for the non-industrial sites were well cor-
related (R*=0.95) and fall on a line with gradient
4.50, showing that the rural Soil contained 22%
silicon. The Soil at industrial sites contained a
higher iron content and consequently lay above
the line determining the average composition of
rural Soil.

Lead and bromine are both additives in super
petrol used by motor vehicles and are therefore ex-
pected to be highly correlated in ambient air where
motor vehicles are major fine particle emitters.
Fig. 12 is a lead bromine plot for inner city sites
at Mascot in Sydney, Australia and Jakarta, Indo-
nesia. For Pb and Br associated in petrol, we ex-
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Fig. 12. A scatter plot of lead versus bromine for Sydney, Aus-
tralia and Jakarta, Indonesia for PM2.5 particles.

pect the (Pb/Br) ratio to be between 2 and 5 [11].
For the Jakarta data in Fig. 12, there were clearly
major fine lead sources producing levels well above
1000 ng/m*® which were not associated with motor
vehicles (i.e. points lying above the line). Whereas
for the Sydney data, the Pb and Br were highly
correlated (R*=0.96) with the correct (Pb/Br) ra-
tio showing most of the lead was associated with
combustion of petrol by motor vehicles.

Similar correlations may be found between oth-
er elements obtained by IBA methods. Previously
we showed that in low sulphur environments sodi-
um and chlorine were well correlated and a good
indicator of seaspray [8]. The dry weight of sea-
spray is about 90% NaCl. The ratio (Cl/
Na)=1.54 by weight for sodium chloride, hence
a plot of (Na + Cl) against 2.54*Na should be a
straight line of gradient unity. Any loss of chlorine
would appear as a gradient less than unity. Fig. 13
is such a plot for three sites in and around central
Jakarta in Indonesia over a 12 month period cov-
ering most of 1996. The correlation is good
(R*=0.87) but the gradient is only 0.52 showing
a 79% chlorine loss for chlorine associated with
seaspray across the greater Jakarta region. The re-
duced gradient can not be explained by an increase
in the sodium concentration not associated with
seaspray as the scatter plot would not be as linear
as it is if that were the case.

By judicious inspection of many possible inter-
element associations it is possible to infer the five
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Fig. 13. A plot of (Na + Cl) versus 2.54*Na concentrations for
three sites in and around central Jakarta, Indonesia for a 12
month period.
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or six common major source contributors 1o most
ambient fine particle filters.

4. Source fingerprinting

A major advantage of obtaining multielemental
information on many filters is the ability to use this
information to statistically define chemical finger-
prints for fine particle emission sources [8]. If suf-
ficient filters have been analysed, principal
components analysis (PCA) methods [12-14] can
be used to identify associated elements as well as
the key primary source fingerprints which contrib-
ute to the total mass burden. Once the major emis-
sion source fingerprints have been identified, these
can be included into standard chemical mass bal-
ance (CMB) codes like the US EPA CMB7 code
[15] to produce relative and absolute source contri-
butions. This is then a much more useful approach
than just quoting individual elemental concentra-
tions for selected species identified on each filter.

We have used PCA techniques extensively on
our data sets to identify inter-element associations
and to generate common fine particle source fin-
gerprints. For most common situations, only six
or so unique fingerprints were generally required
[8,16]. These were usually associated with such
particulate sources as, motor vehicles, airborne
soils, seaspray, smoke from biomass burning and
industrial emissions such as lead smelters or steel
production. In Table 1, we show typically elements
identified by PCA methods as being associated
with fingerprints used to define the fine particle
aerosol for work that was done by us in the Jakar-

Table 1

The elements associated with the six fine particle source finger-
prints used in the greater Jakarta region as determined by PCA
methods

Fingerprint Elements used

Motor vehicles H, Al Si, P, S, CI, K, Ca, Ti, Fe, Zn,

Br, Pb, Elt.C
Soil Al Si. K, Ca, Ti, Mn, Fe
Seaspray Na, Mg, S, Cl, K, Ca, Br
Lead smelting Pb, Cl
Smoke H, CL, K, Ca, EIt.C
[ndustry H, P, S, V,Cr, Cu

Motor Vehicle Fingerprint (PM2.5)
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Fig. 14. Motor vehicle fingerprints for PM2.5 particles for Ja-
karta, Sydney [8.16] and the US [15]

Fraction (%)

ta region. By the appropriate examination of data
from selected sampling sites, the relative contribu-
tions of each of these elements to a given finger-
print can be determined [16]. For example, in
Fig. 14 we show one such fingerprint obtained
for motor vehicles for three different sampling
studies performed in Jakarta, Sydney and the
US. The elemental composition of the three finger-
prints are remarkably similar differing in the lead
and bromine additives, as expected, and in some
minor trace elements. All fingerprints contained el-
emental components related to retrained soil (Al
Si, Ti) associated with motor vehicle movements.

Having defined a set of source fingerprints, sim-
ilar to those in Fig. 14, that span the dataset it is
possible to include these in a CMB analysis to pro-
duce both absolute (ng/m?®) and percentage contri-
butions of these fingerprints to the total mass
loadings on the filters. Figs. 15 and 16 show the
CMB7 calculations we obtained for the motor ve-
hicle and the smoke fingerprints for three sites in
and around Jakarta for the period from December
1995 to November 1996. The average fine particle
PM2.5 mass loadings were (33 %= 17) pg/m? at the
EMC site 30 km south west of Jakarta, (52 & 22)
ug/m® at the JICA site in central Jakarta and
(32 £ 13) pg/m?® at the BMG site 50 km south of
Jakarta. The elements given in Table 1, together
with the mean monthly concentrations for each
of these elements over the sampling period, were
used to produce the data shown in Figs. 15 and
16. Clearly motor vehicles and smoke were major
contributors to the fine particle ambient burdens






