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Abstract

This thesis has been completed at the Department of Applied Physics and
Mechanical Engineering at Lule̊a University of Technology in Lule̊a, Swe-
den and at the School of Mathematical Sciences at Monash University in
Melbourne, Australia. The research has been carried out at CSIRO (Com-
monwealth Scientific and Industrial Research Organisation) Marine and At-
mospheric Research in Aspendale, Australia.

Aerosols are defined as suspensions of solid or liquid particles in a gas. At-
mospheric aerosol particles have been shown to affect climate, visibility and
human health. In particular, particle mass concentrations and size distri-
butions are of crucial importance to the aerosol’s impact on human health.
These properties are therefore routinely measured by regulatory authorities
in many countries. However, the process of removing aerosol from the at-
mosphere during the measurement or sampling inherently results in some
modification of the aerosol. The aim of this project is to determine the
volatility of urban aerosol as a function of particle size and to investigate
the effect of aerosol pre-treatment during sampling and measurement.

The study suggests that aerosol mass loss depends on particle size, tem-
perature and time. Fine particles with diameter smaller than 2.5 µm are
more volatile than coarse particles with diameter larger than 2.5 µm. Most
mass is lost from fine particles with a diameter around 1 µm and the mass
loss of the fine particles increases as a function of temperature and time.
Coarse particles are not affected by changes in heating temperature and the
mass loss is restricted to the first hour of heating. These observations can
be explained by the predominance of volatile material in fine particles while
coarse particles are mainly composed of refractive non-volatile material and
are in general relatively inert chemically.

Keywords: Aerosol volatility, mass size distribution, PM2.5, PM10, MOUDI,
TEOM, FDMS
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Chapter 1

Introduction

Atmospheric aerosols are important and interesting to study as they affect
climate, visibility and human health. They may influence our entire planet
through their role in heterogenous chemistry in the troposphere and strato-
sphere, and they affect the Earth’s climate as they absorb and scatter solar
radiation, and serve as condensation nuclei for cloud droplet formation.

Aerosol particulate matter, PM, has been shown to affect human health.
For example, for every increase of 10 µg m−3 in the 24-hour average of am-
bient particles less than 10 µm in diameter (PM10), there is a 1% increase
in the rate of all-cause mortality in a population [8, 15]. It is not yet fully
understood which physical or chemical properties of PM pose the greatest
health risk. Particles are a complex mixture of different sizes and differ-
ent chemical components, determined by the source of the particles and
their formation mechanisms. It is known, though, that particle mass con-
centrations and size distributions are of crucial importance to the aerosol’s
impact on human health. Those properties are therefore included in the
Air National Environment Protection Measure (Air NEPM) in Australia.
The Air NEPM was promulgated in June 1998 as an approach to air qual-
ity assessment and regulation. A national standard was written in terms
of PM10. The standard requires ambient PM10 concentrations measured at
performance monitoring stations to be less than 50 µg m−3 averaged over 24
hours, with 5 exceedences allowable per year, and measurements reported
for each day of the year. A PM2.5 (particles less than 2.5 µm in diameter)
variation to the Air NEPM has been suggested, with the advisory reporting
standards for particles as PM2.5 of 25 µg m−3 averaged over 24 hours and
8 µg m−3 as an annual average [14].

The mass concentration of different sized particles (usually PM10 and PM2.5)
is routinely monitored by regulatory authorities in many countries. PM is
not defined by a specific chemical composition, but rather by the amount of
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2 CHAPTER 1. INTRODUCTION

gravimetric mass, GM, that is filtered from the atmosphere during a sam-
pling period. The filterable material can consist of both non-volatile and
semi-volatile components, and the composition and mass may change when
the sample is exposed to reactive gases and to changes in thermodynamic
conditions, such as temperature and humidity. This inherently results in
some modification of the aerosol. For example, changes in temperature and
humidity may result in the removal of adsorbed water from the aerosol, as
well as semi-volatile and volatile material, leading to underestimation of the
aerosol mass. In addition, volatile material in the gas phase may partition
to the particle phase collected on the filters resulting in an overestimation
of the aerosol mass.

In Australia, PM has traditionally been determined by gravimetric filter-
based methods using both high and low volume samplers. In these methods,
particles are sampled onto a filter that is weighed before and after exposure,
with the change in mass measured on the filter being the gravimetric mass.
With the introduction of the Air NEPM and the requirement for reporting
daily 24-hour PM concentrations, the filter-based methods are impracti-
cal. Instead continuous methods are required. The most readily adopted in
Australia has been the Tapered Element Oscillating Microbalance (TEOM),
which determines gravimetric mass continuously by measuring the change in
frequency of an oscillating microbalance as particle mass is added to a filter
on the microbalance. To avoid changes in temperature and relative humidity
affecting the microbalance, the TEOM has normally been operated at 50 ◦C
as recommended in the Australian Standard for TEOM operation [2]. This
results in the removal of adsorbed water from the aerosol, as well as semi-
volatile and volatile material, leading to the TEOM under-reporting mass
concentrations in a number of studies where the TEOM has been compared
with the more traditional filter-based time-integrated methods such as high
volume sampling [1, 3]. Recently, the Filter Dynamic Measurement System
(FDMS) attachment to the TEOM has been used to determine PM2.5. The
FDMS, which is operated at 30 ◦C, replaces the heating environment of the
traditional TEOM with a sample equilibration system, where the relative
humidity of the sampler is kept constant. The TEOM with FDMS includes
a system that determines both the volatile and total mass of the aerosol.

The aim of this project is to use a cascade impactor, in the form of a
Micro-Orifice Uniform Deposit Impactor (MOUDI), to determine the size
of particles that display the greatest loss of volatile mass when subjected
to the sample conditioning regimes used in the TEOM and FDMS. The
loss of volatile mass as a function of particle size, temperature and time
determined from the MOUDI samples will be compared with measurements
of aerosol volatility and mass being concurrently measured at the Bayside
Air Quality Station (BAQS) in Aspendale, a suburb 25 kilometers south of
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Melbourne, Australia. The study will produce data on the effect of aerosol
pre-treatment during sampling and measurement, which will be used during
a national review of the NEPM for PM2.5. One aspect of the goal is to
understand the effect of the measurement method on the concentrations of
PM2.5 determined.

The hypothesis for this work is that the partial volatilisation of semi-volatile
aerosol components will increase with the temperature employed, as sug-
gested by Meyer et al. [11] and Meyer and Rupprecht [12]. Fine particles
are expected to be more volatile than coarse particles, since fine particles nor-
mally consist of volatile organic material, while coarse particles are mainly
composed of refractory non-volatile material [1, 4]. According to Ayers et
al. [4], the most volatile particles are particles with diameters around 1 µm.
The TEOM is expected to return lower particle mass concentrations than
the MOUDI, as a result of the heated inlet employed on the TEOM. The
TEOM with FDMS, however, is likely to return higher PM2.5 mass concen-
trations than the MOUDI, since the FDMS accounts for the volatile fraction
of PM2.5, while the MOUDI may not. Furthermore, Allen et al. [1] showed
that the semi-volatile fraction of PM2.5 is larger than that of PM10, so that
the fractional differences between the TEOM and the MOUDI may be larger
for PM2.5 than for PM10.

This thesis begins with a brief introduction to the basic physical and chem-
ical properties of aerosol in chapter 2. In chapter 3, the experiment is
described in more detail, and the TEOM, the FDMS and the MOUDI are
introduced. In chapter 4, the results from the TEOM and FDMS measure-
ments are presented and the size-resolved volatility of aerosols measured
with the MOUDI is calculated. Comparisons between the different instru-
ments are made regarding PM2.5 and PM10 mass concentrations and PM2.5

volatile mass. Particle volatility as a function of particle size, temperature
and time is summarised and discussed in chapter 5, and the difference in
measurement method of PM2.5 and PM10 mass concentrations and PM2.5

volatile mass is discussed. Finally, in chapter 6, some conclusions from the
study are drawn.
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Chapter 2

Aerosol Properties

Aerosols are defined as relatively stable suspensions of liquid or solid parti-
cles in a gas. Some particles are liquid, some are solid, and some contain a
solid core surrounded by liquid. They may contain inorganic ions, metallic
compounds, elemental carbon, organic compounds and crustal compounds.
Atmospheric aerosol particulate matter originates from a large variety of
sources and represents a broad class of physically, chemically, morphologi-
cally and thermodynamically diverse substances. Some of the basic proper-
ties of atmospheric aerosols are presented in this chapter.

2.1 Sources and Sinks

Aerosols can be introduced in the atmosphere by direct emission from sources
(primary PM) or be formed in situ (secondary PM). Both primary and sec-
ondary PM can be of natural or anthropogenic origin. Some examples of the
sources of PM include salt from sea spray and bursting bubbles, windblown
dust, soot and smoke from fossil fuels and biomass burning. Secondary PM
is a result of homogeneous nucleation of gaseous species, the condensation
of semi-volatile species into existing particles. Species that are able to pro-
duce secondary aerosol include volatile organic compounds from biogenic
emissions, from fossil fuel and biomass burning, as well as volatile inorganic
compounds such as SO2 from volcanoes and power stations.

Aerosols can be removed from the atmosphere by either dry or wet de-
position. Dry deposition means that the particles are affected by gravity
and when inertial forces impact on surfaces: ground, bodies of water, trees,
buildings etc. Wet deposition occurs when aerosols are incorporated into
cloud droplets and removed with precipitation. Another possibility is that
particles that are located below a precipitation cloud become scavenged by
impacting raindrops. A summary of the sources and sinks of atmospheric
aerosols is found in figure 2.1.

5



6 CHAPTER 2. AEROSOL PROPERTIES

Figure 2.1: Sources and sinks of atmospheric aerosol, adapted from EMS [5]

2.2 Particle Size Definitions

Atmospheric aerosols are often referred to as having a diameter, even though
they are not spherical. They are in practice irregularly shaped, and the
diameter is a physical, rather than geometrical, property. An equivalent di-
ameter is defined as the diameter of the sphere that would have the same
value of a particular physical property as that of the irregular shape. The
most commonly used diameter is the aerodynamic diameter, Da. The aero-
dynamic diameter is defined as the diameter of a sphere of unit density
(1 g cm−3) that has the same settling velocity in air as the particle under
condensation. Da is given by equation 2.1,

Da = Dgk

√
ρp

ρ0
, (2.1)

where Dg is the particle geometric diameter, ρp is the density of the particle,
ρ0 is the reference density (1 g cm−3) and k is a shape factor, which is 1.0
in the case of a sphere. It is important to note that various types of aerosol
instruments report different measures of particle diameter, depending on
the employed methodology and application. Hence, a universal measure of
aerosol particle size does not exist. In this thesis, the aerodynamic diameter
is used.
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2.3 Particle Size Classification

The behaviour of aerosols is largely characterised by particle size, which
ranges between approximately 0.002 and 100 µm. The lower end would rep-
resent a freshly nucleated cluster, which contains only a few molecules, while
the upper end would be the size of very fine sand. Based on the number,
surface and volume distributions of aerosol particles shown in figure 2.2,
three distinct groups of atmospheric particles can be defined. Particles with
diameter larger than 2.5 µm are identified as coarse particles. Particles with
diameter less than 2.5 µm are called fine particles. Fine particles can be
further divided into accumulation mode and Aitken nuclei, although no dis-
tinction will be made between these types in this study. The accumulation
range is from 0.08 to 2.5 µm and the Aitken range is from 0.01 to 0.08 µm.
In addition to these three groups, there are also ultra-fine particles with
diameter less than 0.01 µm. Ultra-fine particles will not be discussed in this
study. The exact ranges of these modes vary in the literature, but the defini-
tions described in this section will be used throughout this thesis. Particles
can also be described in terms of PM10, PM2.5, PM1 and PM0.1. PM10 have
a diameter smaller than 10 µm, while the diameter of PM2.5 is less than
2.5 µm. Similarly, the diameter of PM1 is less than 1 µm, and that of PM0.1

is less than 0.1 µm.

2.3.1 Coarse Particles

Mechanical processes, such as grinding, wind and erosion, usually produce
coarse particles. These particles may be windblown dust, sea salt, road
dust and combustion generated particles such as fly ash and soot. Coarse
particles usually have short lifetimes, as they are quickly removed from the
atmosphere by gravitational settling. However, they may travel long dis-
tances by convection processes. The composition of coarse particles reflects
their source, which means that they often include crustal materials such as
calcium, aluminium, silicon, magnesium and iron. Some primary materials,
such as pollen, spores, and plant and animal debris can also be found in
coarse particles. While particles in the coarse mode represent only a minor
fraction of the total number of particles in the air, most of the aerosol mass
is found in the coarse mode.

2.3.2 Fine Particles

Accumulation particles typically arise from low-volatility vapours, e.g. fol-
lowing combustion, and from Aitken nuclei particles, which coagulate either
with themselves or with accumulation particles. Since the accumulation
particles are small, they do not settle out rapidly, but are removed from the
atmosphere by incorporation into cloud droplets followed by rainfall. They
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Figure 2.2: Illustration of number, surface and volume distributions for a
typical urban model aerosol [16]

can also be carried to surfaces by eddy diffusion and advection and undergo
dry deposition. The accumulation range tends to represent only a small
portion of the total particle number, but a large portion of the aerosol mass
in the fine particle range. The accumulation range contains more organics
than the coarse particles, because of their sources. They also include soluble
inorganics, such as NH4+ , NO3− and SO2−

4 .

Aitken nuclei arise from ambient-temperature gas-to-particle conversion pro-
cesses as well as by combustion processes in which supersaturated vapours
are formed and then undergo condensation. These particles act as nuclei
for the condensation of low-vapour-pressure gaseous species, causing them
to grow towards the accumulation range. The nuclei can also grow larger
by coagulation. The lifetime of Aitken nuclei is short, sometimes only a few
minutes, due to this rapid coagulation. Most of the total number of parti-
cles in the atmosphere is Aitken nuclei. However, they do not contribute
significantly to the total mass, because of their small size.
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2.3.3 Ultra-fine Particles

Ultra-fine particles, sometimes referred to as being in the nucleation mode,
are thought to be generated by gas-to-particle conversion processes that
are not very well understood on a molecular level. Their lifetime is very
short due to their rapid coagulation into accumulation mode or random im-
paction onto surfaces. They may also diffuse to raindrops. The ultra-fine
particles are not large enough to contribute to a significant fraction of the
total particle mass in the atmosphere, but they are present at high num-
ber concentrations. Ultra-fine particles are normally composed of sulphate,
elemental carbon, metal compounds and organic compounds with very low
saturation vapour pressure at ambient temperature.
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Chapter 3

Method and Instruments

Over winter 2005 (May to August), aerosol samples were collected with
the MOUDI at the BAQS in Aspendale, a suburb 25 kilometres south of
Melbourne, Australia (figure 3.1). The BAQS is operated by CSIRO Marine
and Atmospheric Research. The MOUDI is used to determine the mass
size distribution of particles and the distribution of volatile mass loss when
subjected to the sample conditioning regimes used in the TEOM and FDMS.
The MOUDI data are compared with measurements of aerosol volatility and
mass measured with the TEOM and FDMS at the BAQS.

Figure 3.1: Air samples are collected at the BAQS in Aspendale, 25 km
south of Melbourne [6]
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3.1 TEOM and FDMS

The concept of the Tapered Element Oscillating Microbalance (TEOM) is
straightforward. The instrument is simply a particle mass detection system,
which by itself has no particle size selectivity. Selectivity is obtained via
a separate size-selective inlet with the desired particle size properties. The
TEOM uses a tapered tube, the wide end of which is mounted on a rigid
base. Particles are collected on a replaceable filter that is mounted on the
narrow end of the tapered tube, which is free to oscillate. The tube vibrates
at a frequency that depends on its geometrical and mechanical properties
and on the mass of the filter. Changes in the tube’s frequency of oscillation
are measured and related to the mass of the sample. To avoid changes in
temperature and relative humidity affecting the sensor, the TEOM is nor-
mally operated at 50 ◦C, as specified in the Australian standard [2]. This
is sufficient to reduce relative humidity to below a level of around 50%, at
which the particles dry out. However, the removal of adsorbed water from
the aerosol, as well as semi-volatile and volatile material, leads to the TEOM
underreporting mass concentration in a number of studies where the TEOM
has been compared with more traditional filter-based time-integrated meth-
ods such as volume sampling [1, 3]. Figure 3.2 shows a sketch of the TEOM.

Figure 3.2: Sketch of the TEOM, adapted from Defra [7]
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To address the problem of volatility loss of PM2.5, the TEOM has been
further developed, resulting in the Filter Dynamic Measurement System
(FDMS). The FDMS is a measurement technique that accounts for both
the semi-volatile and non-volatile components of particulate matter. It in-
corporates the TEOM by alternately making measurements with air con-
taining particles and with particle-free air passing through the filters on the
tapered element oscillating microbalance of a TEOM monitor. The system
assesses the aerosol volatility by measuring the change in the mass of its
collection filter during the sampling of particle-free air. The TEOM with
FDMS provides data on mass concentrations of PM10, PM2.5, non-volatile
PM2.5 (PM2.5base) and volatile PM2.5 (PM2.5ref ). The FDMS is operated at
30 ◦C.

3.2 MOUDI

The Micro-Orifice Uniform Deposit Impactor (MOUDI) is a cascade im-
pactor used for general aerosol sampling. The MOUDI at the BAQS has 12
stages, each stage having 50% cut-points ranging from 0.056 µm to 18 µm
in aerodynamic diameter (appendix A). The principle of operation is sim-
ple. At each stage of the instrument, a jet of particle-laden air reaches an
impaction plate and the particles that are smaller than the cut-size of that
stage cross the stream lines and continue to the next stage. At the next
stage, the nozzles are smaller and the air velocity through the nozzles is
higher. This means that finer particles are collected through each stage,
until the smallest ones are collected at an after-filter. A sketch of a typical
MOUDI stage is shown in figure 3.3.

3.2.1 Sample Handling

Aluminium substrates (47 mm in diameter) were used to collect particles for
the first 11 stages of the MOUDI, whereas the final collection stage consisted
of a Fluoro pore filter (36 mm in diameter). Prior to exposure, all substrates
were weighed using a Mellter MT2 ultra-microbalance at low humidity (less
than 20%). The presence of an ioniser reduced electrostatic charging. The
resolution of the balance is 0.0001 mg and the uncertainty per measurement
is of the order of 0.006 mg, which for a MOUDI sample of 12 filters result
in a conservative propagated uncertainty of ∼ 6% in total mass.

The MOUDI was run over winter 2005 (May to August) according to ta-
ble 3.1. Each set of substrates was subjected to sampling for 24 hours, except
set B2, which was run for 48 hours. One blank set, D4, was also collected,
for which all procedures were the same as for the exposed substrates, except
that the pump was not switched on during the sampling. For set E1, the
flow meter did not record between midnight and 14:35, and therefore the
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Figure 3.3: A typical MOUDI stage, adapted from MSP [13]

”volume measured” is the calculated volume from midnight until 14:35 for a
flow rate of 30 l/min plus the measured volume from thereon. The volume
was not recorded at all for set D1. The calculated volume is therefore used,
which is 42.30 m3 for a flow rate of 30 l/min over period of 24 hours. The
calculated volume, 42.30 m3, is used also for the blank set.

After sample collection the exposed substrates were placed in plastic Petri
dishes and stored in a freezer for preservation. During October and Novem-
ber 2005, the exposed filters were weighed to determine the gravimetric
mass collected on each substrate. Before weighing, the substrates were pre-
conditioned for 2 hours at under 20% relative humidity. The substrates
were then subjected to a series of heating regimes, which simulate con-
ditions experienced by aerosol during measurements with the TEOM and
FDMS. The heating regimes were 30 ◦C for 1 hour followed by 30 ◦C for
another 24 hours and 50 ◦C for 1 hour followed by 50 ◦C for 24 more hours.
50 ◦C is the standard operating temperature of the TEOM, and 30 ◦C is
the operation temperature of the FDMS. Heating for 1 hour represents the
maximum time between a particle’s introduction to the inlet system and its
measurement on the oscillating micro-balance, while 24 hours represent the
fate of the aerosol on the filter after its measurement, as mass accumulates
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and the filter loads. The substrates were weighed between each heating
regime, using the Mellter MT2 ultra-microbalance at low humidity, around
20%, in order to eliminate any influence by condensed water. The stage
11 Fluoro pore filters were not heated and reweighed. Instead, a fictitious
stage 11 was generated to represent the MOUDI backup filter, having a 50%
cut-size half that of stage 10, and containing half of the mass of the stage 10
substrate. One blank, unexposed control substrate was added to each set.
This substrate experienced the same heating regimes as the set it was added
to, i.e. 30 ◦C for 1 hour and 24 hours or 50 ◦C for 1 hour and 24 hours.
The blank substrate should show no or negligible change in mass after the
heating experiments.

Table 3.1: Date, sampling time and volume measured for each MOUDI set

Date MOUDI Sampling Volume
set time measured

(h) (m3)
10/05/2005 A1 24 25.55
19/05/2005 C1 24 40.21
08/06/2005 E1 24 36.93
29/06/2005 D1 24 42.30
14/07/2005 D2 24 41.34
29/07/2005 D3 24 41.53
12/08/2005 A2 24 40.45
20/08/2005 B2 48 81.58
29/08/2005 B4blank 24 42.30

3.2.2 Data Analysis

When analysing MOUDI data, there are several factors to account for. Cor-
rections have to be made for the scale uncertainty and for buoyancy. Further-
more, the MOUDI provides only 12 size-fractioned samples. An inversion
programme was used to redistribute the particle mass across the entire size
distribution by taking into account the shape of the collection kernels for
each stage. Finally, to be able to compare this study with other similar
studies, one must correct the data to the Australian standard temperature
and pressure (STP).

Scale Correction

The Mellter MT2 ultra-microbalance is calibrated each year. Data from
this calibration produce a plot, in which a linear relationship is found (see
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appendix A). Using this relationship, the scale-corrected mass, mscale, can
be calculated from the measured mass, mmeasured, with equation 3.1,

mscale = (1 + 5.649× 10−6mmeasured) − 0.0005431. (3.1)

Buoyancy Correction

Correcting for buoyancy does not affect the result considerably when applied
to the aluminium substrates used in the MOUDI. Nevertheless, equation 3.2
is used for this purpose.

mbuoy−scale =

(
mscale

(
ρair

8000

) )/(
1−

ρair
mscale

× 10−6

VAl

)
, (3.2)

where mbuoy−scale is the buoyancy-and scale corrected mass, mscale is the
scale-corrected mass, ρair is the air density at the day of the weighing and
VAl is the volume of a typical aluminium filter, which is approximately
2.85 × 10−8 m3.

Data Inversion

The MOUDI collects aerosol in 12 discrete, size-fractioned samples, which
makes it possible to plot the size distributions in histogram form. How-
ever, by utilising a known size-dependence of each collection stage with a
numerical inversion procedure, a smooth aerosol mass distribution can be
obtained. The inversion routine developed by CSIRO is described by Ayers
et al. [3]. The procedure convolves an initial guess distribution sequentially
with each of the stage kernels, compares the resultant calculated stage mass
with the measured stage mass, and adjusts the input guess distribution to
make the calculated and measured stage masses agree. The data inversion
programme turns the original 12 data points from the MOUDI to 72 data
points. However, since stage 11 is only a fictitious stage generated to repre-
sent the Fluoro pore filter, a series of 6 points near the origin was discarded,
since the data generating these points were fictitious.

Interstage Losses

MOUDI samples are always subject to small size-dependent particle losses
during operation. These interstage losses are measured by passing parti-
cles through the MOUDI and determining where the particles are collected
beyond the stage at which they are expected to be removed by normal im-
paction. It is difficult to predict the particle losses, since the flow between
the stages is rather complicated. The losses are primarily caused by inertial
depositions as the flow turns, exiting one stage and passing to the next one.
Generally, particles between two specific cut-sizes have approximately the
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same constant interstage losses between the two stages. Hence, the losses
can be described as step functions, where the boundaries of the steps corre-
spond to the cut-sizes of the stages. The interstage losses for solid and liquid
particles are shown in figure 3.4. The losses for solid particles are larger than
the losses for liquid particles. This is to be expected, since solid particles
are subject to bouncing. The maximum loss is found to occur in particles at
about 10 µm and at less than 0.1 µm. The losses between 0.1 and 5 µm are
lower. The great loss in large particles is due to severe inertial effects, while
the loss in small particles is caused by increased diffusional effects [3, 10]. A
table showing the interstage loss factor, Kint, for the different stages in the
MOUDI is found in appendix C.

Figure 3.4: Particle interstage losses in the MOUDI [10]

Standard Temperature and Pressure

The MOUDI samples at 30 l/min as a volumetric flow, so that the volume
sampled depends on the ambient temperature and pressure during sampling.
To remove the effects of temperature and pressure from the sample volume
calculation, the volume was corrected to the Australian standard temper-
ature and pressure of 273.15 K and 101.3 hPa. The corrections are made
using the 24-hour mean ambient temperatures and pressures recorded at the
time for each sample. To achieve the conditions of STP, equation 3.3 can
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be used:
KSTP =

43.2
( Pambient

Tambient+273 + 43.7)× 2.6996
, (3.3)

where KSTP is the correction constant, Pambient is the ambient pressure
at the time of sampling and Tambient is the temperature at the same time.
The mass, m, which is used to determine particle mass size distributions, is
found by simply multiplying the inverted and buoyancy-and scale-corrected
MOUDI mass, mbuoy−scale, with the interstage loss factor, Kint, and the
STP factor, KSTP , resulting in equation 3.4:

m = mbuoy−scale(Kint + KSTP ). (3.4)

Figure 3.5 illustrates the importance of accounting for interstage losses and
the systematic difference between ambient conditions and STP.

Figure 3.5: Example of change in size distribution due to corrections for
interstage losses and STP [3]



Chapter 4

Results

In this chapter, the results from the TEOM and FDMS measurements are
presented and the volatility of aerosols measured with the MOUDI is cal-
culated. Also, comparisons are made between mass concentrations of PM10

and PM2.5 and between volatile PM2.5 measured with the different instru-
ments. Finally, error analysis and control measurements in the form of blank
substrates and temperature control are presented.

4.1 TEOM and FDMS Measurements

Table 4.1 shows the 24-hour averages of PM10 and PM2.5 mass concentra-
tions calculated from the TEOM measurements for the days of the MOUDI
runs. Furthermore, averages of non-volatile PM2.5 mass concentration (PM2.5base),
and volatile PM2.5 mass concentration (PM2.5ref ), are calculated and listed.

Table 4.1: 24-hour averages of PM10, PM2.5, PM2.5base and PM2.5ref mass
concentrations measured with the TEOM

Date Corresponding PM10 PM2.5 PM2.5base PM2.5ref

MOUDI set (µg m−3) (µg m−3) (µg m−3) (µg m−3)
10/05/2005 A1 17.7 18.3 14.1 4.21
19/05/2005 C1 18.4 8.92 5.63 3.63
08/06/2005 E1 27.5 17.3 14.2 3.76
29/06/2005 D1 15.4 17.9 12.7 5.24
14/07/2005 D2 10.6 14.9 10.5 4.38
29/07/2005 D3 15.7 6.59 3.73 2.86
12/08/2005 A2 14.1 4.45 3.27 1.18
20/08/2005 B2 8.38 6.44 3.79 2.66
29/08/2005 B4blank 20.4 8.93 4.79 4.14

19
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4.2 MOUDI Measurements

The aerosol mass size distributions were determined for nine exposed MOUDI
sets. The sets were divided into groups showing similar size distribution pat-
terns, and seven of the sets were selected for further analysis. Sets A1 and
E1 in figure 4.1 each display distributions with two approximately equal
modes, in the coarse and fine particle range. Sets D1 and D2 in figure 4.2
each display distributions dominated by a single fine particle mode. Sets
C1, D3 and A2 in figure 4.3 each display distributions dominated by a sin-
gle coarse particle mode. Set B2 in figure 4.4 is discarded, since it displays
a single fine particle mode more than twice the magnitude of the other sets.
Such high mass concentrations are not to be expected for particles of this
size, and is probably caused by contamination of the substrates. Set D4 in
figure 4.5 illustrates the typical appearance of a blank set, and will not be
further analysed.

Sets with similar distributions are heated at different temperatures, accord-
ing to table 4.2. The original mass size distributions for each set are com-
pared with the mass size distributions of the same set, first after 1 hour of
heating, and then after another 24 hours.

Table 4.2: Heating temperatures for each MOUDI set

MOUDI set A1 C1 E1 D1 D2 D3 A2
Temperature (◦C) 30 50 50 30 50 50 30
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Figure 4.1: Sets A1 and E1 each display two modes, in the fine and coarse
particle range
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Figure 4.2: Sets D1 and set D2 each display a single fine particle mode
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Figure 4.3: Sets C1, D3 and A2 each display a single coarse particle mode
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Figure 4.4: Set B2 is discarded because of its high peak in the fine particle
mode
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Figure 4.5: Set D4 illustrates the typical appearance of a blank set

4.2.1 Sets heated at 30 ◦C

The progressive loss of mass is plotted as a function of particle size for each
MOUDI set that was heated at 30 ◦C. Also the mass fraction lost after each
heating regime is plotted as a function of particle diameter.

Set A1

The fine particles in set A1 (figure 4.6) lost most of their mass, 7%, during
the first hour of heating. After the additional 24 hours in the oven, the loss
had increased to almost 10%. The coarse particles lost 9% of their mass after
1 hour in the oven, followed by a small decrease to 8.5% after the additional
24 hours.

After 1 hour, the biggest mass loss occurred in particles with diameters
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smaller than 0.05 µm or larger than 20 µm. A small peak was also observed
for particles with diameters around 1 µm. However, after another 24 hours,
the particles with diameter smaller than 0.05 µm or larger than 20 µm had
gained rather than lost mass, while the particles with diameter around 1 µm
continued to lose mass. The total mass loss was up to 15%.
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Figure 4.6: (a) The progressive loss of mass and (b) the fractional mass loss
as a function of particle diameter for set A1

Set D1

When set D1 (figure 4.7) was heated for 1 hour, the particles in the fine mode
lost on average 3% of their original mass. After the additional 24 hours in
the oven, the total mass loss was 11%. Particles in the coarse mode lost
more than 7% of their mass during the first hour, which was increased to
7.5% after another 24 hours.

The particles that displayed the biggest mass loss after 1 hour were either
smaller than 0.05 µm or larger than 20 µm in diameter. After another 24
hours, the particles with diameter around 1 µm had lost most mass, roughly
12%. Particles larger than 10 µm had gained mass, while particles smaller
than 0.05 µm continued to lose mass.

Set A2

The fine mode particles in set A2 (figure 4.8) lost almost 7% of their mass
during the first hour of heating. The additional 24 hours in the oven caused
a mass gain, as the total mass loss decreased to around 6%. The coarse
mode particles lost almost 9% of their mass during the first hour. They
gained some of this again as the total mass loss decreased to a little less
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than 7% after another 24 hours.

During the first hour of heating, most of the mass loss in set A2 occurred
in particles smaller than 0.05 µm or larger than 20 µm in diameter. These
particles then gained mass during the following 24 hours, while particles
with diameters around 1 µm lost up to 10% of their original mass.
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Figure 4.7: (a) The progressive loss of mass and (b) the fractional mass loss
as a function of particle diameter for set D1
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Figure 4.8: (a) The progressive loss of mass and (b) the fractional mass loss
as a function of particle diameter for set A2
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4.2.2 Sets heated at 50 ◦C

The progressive loss of mass after each heating experiment is plotted as a
function of particle diameter for each MOUDI set that was heated at 50 ◦C.
In addition, the fractional mass loss as a function of particle diameter after
each heating period is plotted.

Set C1

When set C1 (figure 4.9) was heated for 1 hour, the particles in the fine
mode lost on average 5% of their original mass. After 24 more hours, the
sum reached 20%. The coarse particles lost around 6% of their mass during
the first hour. The particles continued to lose mass during the next 24 hours,
giving a total of 11% lost mass.

During the first hour, most mass was lost in particles smaller than 0.05 µm
or larger than 20 µm in diameter. These particles continued to lose a small
mass fraction during the following 24 hours. However, the greatest loss of
mass during the second heating period was found in particles with diameters
between 0.1 µm and 2.5 µm, which lost a total of more than 20% of their
original mass.
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Figure 4.9: (a) The progressive loss of mass and (b) the fractional mass loss
as a function of particle diameter for set C1

Set E1

The average loss for fine particles in set E1 (figure 4.10) was more than 8%
after the first hour of heating. After the next 24 hours, the loss had reached
25%. Coarse particles lost near 8% of their mass during the first hour. The
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additional 24 hours caused an increase in mass loss to about 9.5%.

After 1 hour, particles smaller than 0.05 µm or larger than 20 µm in diameter
lost most mass, more than 10%. During the next 24 hours, particles smaller
than 0.1 µm lost up to 72% of their mass. The particles larger than 10 µm
did, however, not lose any more mass. Instead, particles with diameters
between 0.4 µm and 1.5 µm lost relatively much mass, resulting in a total
mass loss of around 15%.
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Figure 4.10: (a) The progressive loss of mass and (b) the fractional mass
loss as a function of particle diameter for set E1

Set D2

When set D2 (figure 4.11) was heated for 1 hour, the fine mode particles lost
on average 14% of their original mass. This increased to over 26% after 24
more hours in the oven. The coarse particles lost 10% of their mass during
the first hour. The additional 24 hours caused a mass gain, as the total
percentage stopped at near 6%.

The greatest mass loss after 1 hour, almost 20%, was found in particles
smaller than 0.1 µm in diameter. After another 24 hours, the mass loss was
between 20% and 30% for all particles smaller than 1 µm in diameter.

Set D3

For set D3 (figure 4.12), the average loss for particles in the fine mode was
almost 9.5% after 1 hour of heating. The next 24 hours caused a mass gain,
with the total mass loss stopping at around 2%. The coarse particles lost
more than 9% of their mass after 1 hour, and the total percentage after the
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additional 24 hours in the oven was 10.5%.

The particles that had lost the most mass after 1 hour of heating were
either between 0.5 µm and 1 µm in diameter or smaller than 0.05 µm. After
another 24 hours, almost all particles smaller than 2.5 µm in diameter had
gained mass, and the rest had only lost a small fraction of their mass.
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Figure 4.11: (a) The progressive loss of mass and (b) the fractional mass
loss as a function of particle diameter for set D2
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Figure 4.12: (a) The progressive loss of mass and (b) the fractional mass
loss as a function of particle diameter for set D3

Due to humid and hot weather on the Friday of the final weighing of set
D3, the ultra-microbalance could not be operated. The samples, which had
already been heated for 24 hours, were stored in a freezer over the weekend
and reweighed the following Monday. The substrates probably collected
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mass when sitting out for equilibration for an extended period of time. This
resulted in a mass gain for almost all particles, particularly high in the
fine particle mode. Set D3 will therefore be discarded when summarising
the 24-hour 50 ◦C heating experiments and when comparing the MOUDI
measurements with the TEOM and FDMS measurements.

4.3 Comparison of Measurements

In this section, PM2.5 and PM10 mass concentration data from the TEOM
and FDMS are compared with data from the MOUDI. Furthermore, volatile
PM2.5 mass concentration data from both instruments are compared.

In order to compare data from the MOUDI with data from the TEOM
and FDMS, the particles collected with the MOUDI are divided into PM2.5

and PM10. This is done by adding up all particles with diameters less
than 2.5 µm and 10 µm, i.e. integrating the area under the curves of the
progressive loss of mass shown in the figures in section 4.2. The total mass
of PM2.5 and PM10 after exposure, 1 hour of heating and the additional
24 hours of heating is found in table 4.3. Using these data, the volatile mass
of PM2.5 and PM10 is calculated.

Table 4.3: PM2.5 and PM10 mass and volatile mass concentrations measured
with the MOUDI

Set Oven PM Mass Mass Mass Volatile Volatile
temp exposed after after mass mass

sets 1 h 24 h after 1 h after 24 h
(◦C) (µg m−3) (µg m−3) (µg m−3) (µg m−3) (µg m−3)

A1 30 2.5 14.9 13.9 13.2 0.93 1.65
10 24.4 22.8 22.2 1.60 2.26

C1 50 2.5 8.54 8.20 6.62 0.35 1.92
10 15.8 15.1 13.1 0.69 2.66

E1 50 2.5 15.5 14.2 13.0 1.26 2.49
10 22.1 20.4 19.0 1.65 3.07

D1 30 2.5 15.4 15.0 13.2 0.37 2.19
10 19.1 18.6 17.1 0.47 2.03

D2 50 2.5 13.4 11.8 9.79 1.56 3.53
10 15.7 13.9 11.9 1.75 3.77

D3 50 2.5 4.73 4.28 4.45 0.46 0.29
10 10.6 9.62 9.70 0.99 0.91

A2 30 2.5 3.68 3.49 3.48 0.20 0.21
10 10.3 9.55 9.63 0.74 0.66
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4.3.1 PM2.5 Mass Concentration

PM2.5 mass concentration data from the TEOM and FDMS (table 4.1) are
compared in this section with data derived from the MOUDI (table 4.3). The
average differences between the measurements made with each instrument
are listed in table 4.4. The percentages are calculated for both TEOM with
FDMS samples that have been corrected for volatile mass loss compared with
unheated MOUDI samples (corrected unheated) and for TEOM samples
that have not been corrected for volatile mass loss compared with unheated
MOUDI samples (uncorrected unheated). In addition, the percentages are
calculated for uncorrected TEOM samples compared with MOUDI samples
that were heated for 1 hour (uncorrected heated 1 h) and finally for uncor-
rected TEOM samples compared with MOUDI samples that were heated for
another 24 hours (uncorrected heated 24 h). A positive value indicates the
MOUDI measuring higher values than the TEOM, while a negative value
means that the TEOM returned higher values than the MOUDI.

In figure 4.13, PM2.5 mass concentration data from the TEOM with FDMS,
which have been corrected for volatile mass loss, are compared with data
from the unheated MOUDI samples. The TEOM with FDMS always re-
turned higher values, on average 15% higher, than the MOUDI. The rela-
tionship between the instruments was linear.

In figure 4.14, PM2.5 mass concentration data from the unheated MOUDI
samples are compared with data from the TEOM calculated before any cor-
rection for volatile mass loss was made (PM2.5base). Again a linear relation-
ship exists. However, in this case the MOUDI returned higher concentra-
tions, on average 17% higher, than the TEOM. The MOUDI data calculated
after that the MOUDI samples were heated for 1 hour are compared with
the TEOM data in figure 4.15. In this plot, no distinction is made between
samples heated at 30 ◦C and samples heated at 50 ◦C. Figure 4.16 illustrates
the relationship after another 24 hours of heating the MOUDI samples. Af-
ter 1 hour, the average difference between the instruments decreased from
17% to 11% and the next 24 hours resulted in further decrease to 0%, i.e.
the readings of the instruments converged with heating time.

In figures 4.17, 4.18 and 4.19, the uncorrected TEOM data are compared
with data from the MOUDI sets that were heated at 30 ◦C. Figure 4.17
illustrates the relationship prior to heating, while figure 4.18 and figure 4.19
show the relationship when the MOUDI samples have been heated for 1 hour
and 24 hours. It is again clear that the agreement between the two instru-
ments improved with time.

In figures 4.20, 4.21 and 4.22, the uncorrected TEOM data are compared
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with data from the MOUDI sets that were heated at 50 ◦C. Figure 4.20
illustrates the relationship before any heating took place. Figure 4.21 and
figure 4.22 show the relationship after 1 hour and 24 hours of heating the
MOUDI samples. For these samples, the agreement between the instru-
ments was initially good, linear with an offset of 2 µg m−3. The relationship
worsens as the MOUDI samples are heated.

Table 4.4: Difference in PM2.5 mass concentration measured with the TEOM
and with the MOUDI

Set Temp MOUDI-TEOM
corrected uncorrected uncorrected uncorrected
unheated unheated heated 1 h heated 24 h

(◦C) (%) (%) (%) (%)
A1 30 -19 5 -1 -6
C1 50 -4 34 31 15
E1 50 -10 8 0 -9
D1 30 -14 17 15 4
D2 50 -10 21 11 -7
D3 50 -28 21 13 N/A
A2 30 -17 11 6 6
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Figure 4.13: The volatility-corrected PM2.5 mass concentrations measured
with the TEOM compared with PM2.5 mass concentrations calculated from
the MOUDI samples. The straight line in this and subsequent figures shows
a linear fit to the data, and its equation and correlation (R2) are displayed
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Figure 4.14: PM2.5 mass concentrations measured with the TEOM compared
with PM2.5 mass concentrations calculated from the MOUDI samples.
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Figure 4.15: PM2.5 mass concentrations measured with the TEOM compared
with PM2.5 mass concentrations calculated from the MOUDI samples after
1 hour of heating



32 CHAPTER 4. RESULTS

0 2 4 6 8 10 12 14 16
0

2

4

6

8

10

12

14

16

TEOM PM
2.5base

 (µg m −3)

M
O

U
D

I P
M

2.
5 a

fte
r 

24
 h

 (
µg

 m
−3

)

 y = 0.8723*x + 1.088
R2 = 0.9736

Figure 4.16: PM2.5 mass concentrations measured with the TEOM compared
with PM2.5 mass concentrations calculated from the MOUDI samples after
24 hours of heating
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Figure 4.17: PM2.5 mass concentrations measured with the TEOM compared
with PM2.5 mass concentrations calculated from MOUDI samples that were
going to be heated at 30 ◦C
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Figure 4.18: PM2.5 mass concentrations measured with the TEOM compared
with PM2.5 mass concentrations calculated from the MOUDI samples that
were heated for 1 hour at 30 ◦C
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Figure 4.19: PM2.5 mass concentrations measured with the TEOM compared
with PM2.5 mass concentrations calculated from the MOUDI samples that
were heated for 24 hours at 30 ◦C
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Figure 4.20: PM2.5 mass concentrations measured with the TEOM compared
with PM2.5 mass concentrations calculated from MOUDI samples that were
going to be heated at 50 ◦C
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Figure 4.21: PM2.5 mass concentrations measured with the TEOM compared
with PM2.5 mass concentrations calculated from the MOUDI samples that
were heated for 1 hour at 50 ◦C
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Figure 4.22: PM2.5 mass concentrations measured with the TEOM compared
with PM2.5 mass concentrations from the MOUDI samples that were heated
for 24 hours at 50 ◦C

4.3.2 PM10 Mass Concentration

In this section, PM10 mass concentration data from the TEOM and FDMS
(table 4.1) are compared with data derived from the MOUDI (table 4.3).
The average differences between the measurements made with each instru-
ment are listed in table 4.5. The percentages are calculated for TEOM
samples compared with unheated MOUDI samples (unheated), for TEOM
samples compared with MOUDI samples that were heated for 1 hour (heated
1 h) and for TEOM samples compared with MOUDI samples that were
heated for 24 more hours (heated 24 h). Again, a positive value indicates
that the MOUDI measured higher values than the TEOM, while a negative
value means that the TEOM returned higher values than the MOUDI.

PM10 mass concentrations measured with the TEOM are compared with
PM10 mass concentrations measured with the MOUDI in figure 4.23. There
is no FDMS to correct for volatile PM10 mass. The TEOM returned higher
values than the MOUDI for sets C1, E1, D3 and A2 and lower for sets A1,
D1 and D2. The agreement between the PM10 measurements was poor and
the differences between the measurements varied. At most, the TEOM re-
ported 32% higher mass concentration than the MOUDI. However, during
another sampling, the MOUDI reported 32% higher values than the TEOM.

In figures 4.24, 4.25 and 4.26, TEOM and MOUDI data for the samples when
the TEOM reported lower PM10 mass concentrations than the MOUDI are
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compared. Figure 4.24 illustrates the relationship before the MOUDI sam-
ples were heated, while figure 4.25 and figure 4.26 show the relationship after
the MOUDI samples had been heated for 1 hour and 24 hours. In this plot,
no distinction is made between samples heated at 30 ◦C and samples heated
at 50 ◦C. The original data agrees well, with an offset of 3 µg m−3. The
agreement improved after 1 hour of heating, however, it worsened after the
additional 24 hours.

In figure 4.27, TEOM and MOUDI data from the samples when the TEOM
reported higher PM10 mass concentrations than the MOUDI are compared.
The agreement between the instruments is good, with an offset of 2.5 µg m−3.

Table 4.5: Difference in PM10 mass concentration measured with the TEOM
and with the MOUDI

Set Temp MOUDI-TEOM
unheated heated 1 h heated 24 h

(◦C) (%) (%) (%)
A1 30 27 22 20
C1 50 -14 -18 -29
E1 50 -20 -26 -31
D1 30 19 17 10
D2 50 32 24 11
D3 50 -32 -39 N/A
A2 30 -27 -32 -32
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Figure 4.23: PM10 mass concentrations measured with the TEOM compared
with PM10 mass concentrations calculated from the MOUDI samples
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Figure 4.24: TEOM PM10 mass concentrations from the samples that re-
ported lower values than the MOUDI compared with MOUDI PM10 mass
concentrations
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Figure 4.25: TEOM PM10 mass concentrations from the samples that re-
ported lower values than the MOUDI compared with MOUDI PM10 mass
concentrations calculated after 1 hour of heating
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Figure 4.26: TEOM PM10 mass concentrations from the samples that re-
ported lower values than the MOUDI compared with MOUDI PM10 mass
concentrations calculated after 24 hours of heating
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Figure 4.27: TEOM PM10 mass concentrations from the samples that re-
ported higher values than the MOUDI compared with MOUDI PM10 mass
concentrations

4.3.3 PM2.5 Volatile Mass

In this section, PM2.5 volatile mass concentration data from the TEOM with
FDMS (table 4.1) are compared with data derived from the MOUDI (ta-
ble 4.3). The average differences between the measurements made with each
instrument are calculated after 1 hour (heated 1 h) and 24 hours (heated
24 h) of heating and are found in table 4.6. After 1 hour of heating, the
temperature, at which the MOUDI samples were heated, did not have a
strong influence on the difference between the MOUDI and the TEOM with
FDMS measurements. After another 24 hours, however, the decrease in per-
cent between the instruments was larger for the sets in which the MOUDI
samples were heated at 50 ◦C compared to those heated at 30 ◦C.

In figure 4.28, the volatile PM2.5 mass concentrations reported from the
TEOM with FDMS are compared with the volatile PM2.5 mass concentra-
tions calculated from the MOUDI samples that were heated for 1 hour. No
distinction was made between samples heated at 30 ◦C and samples heated
at 50 ◦C. Figure 4.29 illustrates the relationship after an additional 24 hours
in the oven. The TEOM always reported higher mass concentrations; how-
ever, the agreement between the instruments was very poor even after the
additional 24 hours of heating.

The volatile mass concentrations of PM2.5 measured with the TEOM are
compared with those calculated from the MOUDI samples that were heated
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at 30 ◦C for 1 hour and 24 hours in figure 4.30 and figure 4.31. The agree-
ment between the two instruments was poor after 1 hour of heating, but
improved after the additional 24 hours in the oven. After 24 hours of heat-
ing, the volatile PM2.5 mass concentrations calculated from the MOUDI
were on average half of those measured with the TEOM.

In figure 4.32 and figure 4.33, the volatile PM2.5 mass concentrations from
the TEOM are compared with the volatile PM2.5 mass concentrations from
the MOUDI samples that were heated for 1 hour and 24 hours at 50 ◦C.
The agreement between the instruments was reasonable.

Table 4.6: Difference in volatile PM2.5 mass concentrations measured with
the TEOM and with the MOUDI

Set Temp TEOM-MOUDI
heated 1 h heated 24 h

(◦C) (%) (%)
A1 30 78 61
C1 50 90 41
E1 50 66 34
D1 30 93 58
D2 50 65 19
D3 50 84 N/A
A2 30 83 83
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Figure 4.28: Volatile PM2.5 mass concentrations measured with the TEOM
compared with volatile PM2.5 mass concentrations calculated from MOUDI
samples that were heated for 1 hour
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Figure 4.29: Volatile PM2.5 mass concentrations measured with the TEOM
compared with volatile PM2.5 mass concentrations calculated from MOUDI
samples that were heated for 24 hours



42 CHAPTER 4. RESULTS

0 1 2 3 4 5 6
0

1

2

3

4

5

6

TEOM PM
2.5ref

 (µg m −3)

V
ol

at
ile

 M
O

U
D

I P
M

2.
5 a

fte
r 

1 
h 

at
 3

0 
°C

 (
µg

 m
−3

)

 y = 0.08877*x + 0.1872
R2 = 0.2372

Figure 4.30: Volatile PM2.5 mass concentrations measured with the TEOM
compared with volatile PM2.5 mass concentrations calculated from MOUDI
samples that were heated for 1 hour at 30 ◦C
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Figure 4.31: Volatile PM2.5 mass concentrations measured with the TEOM
compared with volatile PM2.5 mass concentrations calculated from MOUDI
samples that were heated for 24 hours at 30 ◦C
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Figure 4.32: Volatile PM2.5 mass concentrations measured with the TEOM
compared with volatile PM2.5 mass concentrations calculated from MOUDI
samples that were heated for 1 hour 50 ◦C
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Figure 4.33: Volatile PM2.5 mass concentrations measured with the TEOM
compared with volatile PM2.5 mass concentrations calculated from MOUDI
samples that were heated for 24 hours at 50 ◦C
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4.4 Error Analysis and Control Measurements

4.4.1 Oven Temperature

After a number of heating experiments, a variation in the temperature
shown on the oven display was observed. The temperature appeared to
exceed 30 ◦C when the oven was used for 24 hours. A temperature sensor
was therefore connected to the oven, and the temperature was continuously
logged. The temperature sensor had a memory card with a programme set
to log 1 minute data with 1 second statistical data. Table 4.7 shows the
average, maximum and minimum oven temperatures for each heating ex-
periment. The temperature logging was only switched on during nine of the
fourteen heating regimes. During the first three heating experiments, set A1
for 1 hour and for 24 hours, and set A2 for 1 hour, the sensor was not yet
constructed. During the 1-hour heating experiments of sets D2 and D3, the
logger was accidentally put on halt, hence no information was recorded. The
data available show a maximum deviation from the desired temperature of
4.1 ◦C. This is less than 25% of the difference in temperatures investigated,
and can be considered acceptable.

Table 4.7: Average, maximum and minimum oven temperatures for each
MOUDI set

Set Heating Av Max Min
time temp temp temp
(h) (◦C ) (◦C ) (◦C)

A1 1 N/A N/A N/A
24 N/A N/A N/A

C1 1 48.5 48.7 48.2
24 48.3 48.8 47.2

E1 1 46.5 45.9 46.9
24 47.8 48.0 46.6

D1 1 30.4 31.0 29.7
24 31.3 31.8 28.4

D2 1 48.5 48.8 48.2
24 N/A N/A N/A

D3 1 47.8 48.0 47.2
24 N/A N/A N/A

A2 1 N/A N/A N/A
24 32.0 33.9 28.6
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4.4.2 Blank Control Substrates

One blank control substrate was added to each MOUDI set before the sets
were heated. Table 4.8 shows the mass gain for the blank control substrates
in each set after 24 hours of heating. In order to obtain the mass concen-
tration for these substrates, the calculated volume discussed in section 3.2.1
is used. The mass concentration is then divided by twelve to account for
the sample being split across twelve MOUDI stages. The maximum mass
gain, 0.01 µg m−3, is experienced in set C1. A gain of 0.01 µg m−3 can be
considered a noise and must be accounted for.

Table 4.8: Mass loss for the blank substrates in each set

Set Mass gain Mass gain
after 24 h over 12 stages
(µg m−3) (µg m−3)

A1 -0.019 -0.002
C1 0.016 0.010
E1 0.054 0.005
D1 0.035 0.003
D2 0.026 0.002
D3 0.069 0.006
A2 0.009 0.001
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Chapter 5

Summary and Discussion

In this chapter, particle volatility is discussed as a function of particle size,
temperature and time. The differences between the instruments used in this
study are also discussed.

It should be noted that the US EPA and Australian Standards suggest that
co-location comparisons should be made with at least three samplers of each
type side by side and more than fifteen 24-hour samples per site. In this
study, only one sampler of each type was used, and only six 24-hour samples
from each instrument were fully analysed. No statistical analysis was made
because of the small amount of data available. Furthermore, there was no
analysis made on the chemical composition of the samples. Assumptions
on the size-resolved chemical composition of the particles have been made
based on studies by Ayers et al. [3] and Keywood et al. [9].

5.1 Particle Volatility

The mass loss percentages of fine (≤ 2.5 µm) and coarse (≥ 2.5 µm) particles
discussed in section 4.2 are summarised in table 5.1. Almost all mass loss for
coarse particles occurred during the first hour of heating. The mass loss was,
regardless of heating temperature, 8±2%. The additional 24 hours of heat-
ing did not affect the result significantly, as the total mass loss was 8.5±2.5%
for all sets. The fine particles showed a somewhat different behaviour than
the coarse particles, as the time and temperature had a strong influence on
the total mass loss. The fine particles showed a mass loss ranging from 3%
to 14% after the first hour of heating, with an average of 8.5±5.5% in lost
mass. The additional 24-hour heating then resulted in an increase in the
average loss to 16±10%. The sets were also divided into groups according
to heating temperature. The sets heated to 30 ◦C lost on average 5±2%
after 1 hour, and those heated at 50 ◦C lost 9.5±4.5%. After 24 more hours,
these fractions increased to 8±2.5% for the particles heated at 30 ◦C and

47
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23±3% for the particles heated at 50 ◦C.

That the greatest mass loss was found in the fine particle mode can be ex-
plained by the fact that fine particles normally consist of volatile organic
material [1, 4]. Furthermore, since the aerosol samples were collected dur-
ing winter, the fine particles were probably dominated by wood smoke from
domestic heating by wood burning. Wood burning is known to produce
smoke containing significant quantities of semi-volatile organic material [3].
Coarse particles, on the other hand, are composed mainly of non-volatile
material, and are in general relatively inert chemically. The mass gain for
the coarse particles in some of the MOUDI sets may be caused by oxidation,
for example by Mg to MgO.

Table 5.1: Fractional loss of fine and coarse particles

Set Temp Particle Loss Loss
(◦C) type 1 h (%) 24 h (%)

A1 30 Fine 7 10
Coarse 9.5 8.5

C1 50 Fine 5 20
Coarse 6 11

E1 50 Fine 8 25
Coarse 8 9.5

D1 30 Fine 3 11
Coarse 7 7.5

D2 50 Fine 14 26
Coarse 10 6

D3 50 Fine 9.5 N/A
Coarse 9 N/A

A2 30 Fine 7 6
Coarse 9 7

The MOUDI sets that were heated at 30 ◦C for 1 hour experienced the great-
est mass loss, more than 8%, in particles smaller than 0.05 µm or larger than
10 µm in diameter. However, during the following 24 hours in the oven these
particles then gained, rather than lost, mass. The last 24 hours had greater
influence on particles with diameters around 1 µm, which finished with a
total mass loss of between 9% and 15%. Also the MOUDI sets that were
heated at 50 ◦C for 1 hour lost most of their mass in particles smaller than
0.05 µm or larger than 10 µm in diameter. At this temperature, the mass
loss was between 7% and 20%. The next 24 hours in the oven did not have
a strong effect on the particles larger than 10 µm in diameter, while the
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effect on the smaller particles varied. The additional 24 hours of heating
did, however, have a strong influence on particles with diameters between
approximately 0.1 µm and 2.5 µm, which lost a total of between 15% and
30% in mass.

The high mass loss for particles larger than 20 µm and smaller than 0.05 µm
in diameter must be analysed with some caution, as these diameters repre-
sent the far ends of the cut-points of the MOUDI. The cut-point for the inlet
is 18 µm and the cut-point for stage 10 is 0.056 µm. Furthermore, particles
with diameters smaller than 0.05 µm seldom exceeded a mass concentration
of 0.2 µg m−3, which means that the noise discussed in section 4.4.2 might
represent more than 5% of the measured mass concentration. Disregard-
ing particles smaller than 0.05 µm and larger than 20 µm in diameter, the
highest volatility was found in particles with diameter around 1 µm. This
corresponds well with a study by Ayers et al. [4], where these particles
were found to consist of highly volatile organic material. The volatility of
particles with diameter around 1 µm increased as a function of time and
temperature.

Particle volatility as a function of temperature and time may also be dis-
cussed in terms of PM2.5 and PM10. The PM2.5:PM10 ratios of the volatile
mass concentrations calculated from the MOUDI measurements after 1 hour
and 24 hours of heating are found in table 5.2. It is clear that the PM2.5

fraction of the volatile mass increased with time.

Table 5.2: PM2.5:PM10 ratios of volatile mass measured with the MOUDI

Set Temp (◦C) Time (h) PM2.5
PM10

A1 30 1 0.58
24 0.73

C1 50 1 0.50
24 0.72

E1 50 1 0.76
24 0.81

D1 30 1 0.79
24 1.08

D2 50 1 0.89
24 0.94

D3 50 1 0.46
24 N/A

A2 30 1 0.27
24 0.31
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5.2 Comparison of Instruments

5.2.1 PM2.5 Mass Concentrations

Without the FDMS accounting for PM2.5 volatility, the TEOM always re-
turned lower particle mass concentrations than the MOUDI. This can be
attributed to the partial volatilisation of semi-volatile components, which
was caused by the heated sampling system employed on the TEOM. The
low ambient temperatures, which the MOUDI samples were exposed to, did
not lead to the same amount of volatile loss. However, when the MOUDI
samples were heated, more mass evaporated. This lead to the MOUDI data
agreeing better with the TEOM data. On average, the difference between
the instruments decreased by approximately two thirds during the first hour
in the oven, and was almost cancelled out after the additional 24 hours.

When the volatility-corrected TEOM data were compared with MOUDI
data from the unheated samples, the TEOM reported on average 15% higher
PM2.5 mass concentrations than the MOUDI. The higher TEOM data is a
result of the FDMS accounting for the volatile loss of PM2.5, while the
MOUDI may not. In particular, samples collected with the MOUDI may sit
in the sampler equilibrating to ambient conditions for up to 36 hours before
sample retrieval. During these hours, some of the particle mass may evap-
orate, leading to the MOUDI underreporting PM2.5 mass concentrations
when compared with the TEOM. Another factor to consider is differences
in the collection efficiency of the size selective inlet for the TEOM, which
has a sharp cut cyclone, and the MOUDI stages.

5.2.2 PM10 Mass Concentrations

The agreement between the PM10 measurements was poor. While the
MOUDI samples were exposed only to ambient temperatures, the TEOM
samples were subjected to 50 ◦C at the inlet. The 50 ◦C heating would
cause volatilisation of semi-volatile material, thus theoretically leading to
the TEOM measuring lower mass concentrations than the MOUDI. In this
study, however, the results varied. Some of the TEOM sets measured lower
mass concentrations than the MOUDI (sets A1, D1 and D2), and some of
them measured higher (sets C1, E1, D3 and A2). Heating the PM10 MOUDI
samples did not much improve the agreement between the instruments.

The PM2.5:PM10 ratios were calculated from the TEOM samples, before any
corrections for volatile PM2.5 were made, and from the unheated MOUDI
samples. The results are shown in table 5.3. It turned out that the during
the days when the TEOM reported higher PM10 mass concentrations than
the MOUDI, the PM2.5 fraction calculated from the TEOM was particu-
larly low. As previously discussed, it was expected that the TEOM would
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report lower PM10 mass concentrations than the MOUDI. However, when
the PM2.5 fraction is low, there are a lot of coarse particles in the sample.
The coarse particles were earlier shown to be less volatile than fine parti-
cles and were therefore not affected by the heated inlet of the TEOM. This
would result in the TEOM reporting higher PM10 mass concentrations than
the MOUDI.

Table 5.3: PM2.5:PM10 ratios of mass concentrations measured with the
TEOM and the MOUDI

MOUDI PM2.5
PM10

PM2.5
PM10

Set TEOM MOUDI
A1 0.80 0.61
C1 0.31 0.54
E1 0.52 0.70
D1 0.82 0.81
D2 0.99 0.85
D3 0.24 0.45
A2 0.23 0.36

The PM2.5:PM10 ratios were plotted against data on wind direction of
the day of the sampling. Figure 5.1 shows the wind direction and the
PM2.5:PM10 ratios from the TEOM and the MOUDI measurements. The
centre of the plot is the location of the BAQS, and the crooked line across
the plot represents the coast line in Aspendale. For both instruments, it is
clear that the low PM2.5 fractions were found in samples collected during
days when the wind came from the west and over the sea. This makes it
possible to assume that most particles those days were sea salt particles,
which are coarse particles. This explains the low PM2.5 fraction and the
consequentially high levels of coarse particles.

The agreement between the instruments was good when the TEOM samples
were divided into groups according to PM2.5:PM10 ratio. The group con-
taining samples with low PM2.5 fraction, and therefore high levels of coarse
particles, displayed a reasonable agreement between the instruments with-
out the MOUDI samples being heated. This would imply that the heated
inlet of the TEOM did not cause any volatile loss of coarse particles. The
group containing the samples with high PM2.5 fractions, and consequentially
high levels of fine particles, also displayed a reasonable agreement before the
MOUDI samples were heated. However, similar to the PM2.5 mass concen-
tration measurements, this agreement improved with time.



52 CHAPTER 5. SUMMARY AND DISCUSSION

(a) TEOM (b) MOUDI

Figure 5.1: PM2.5:PM10 ratios compared with wind direction for (a) TEOM
samples and (b) MOUDI samples

5.2.3 PM2.5 Volatile Mass

The poor agreement between the MOUDI and the TEOM with FDMS can
be explained by the fact that the TEOM provides real-time data, while the
MOUDI samples may sit for up to 36 hours before they are collected. The
MOUDI samples may already have lost a significant amount of the volatile
mass before they are weighed, leading to lower volatile mass concentrations.
Prolonged heating of the MOUDI substrates forces more mass to evaporate,
leading to a better agreement between the instruments.
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Conclusions

A MOUDI was used to determine the size of particles that display the great-
est loss of mass when subjected to heating regimes that reflect conditions
observed in a traditional TEOM and a TEOM with FDMS.

Data show that aerosol mass loss depends on particle size, temperature and
time. Fine particles are more volatile than coarse particles. Most mass is
lost from fine particles with a diameter around 1 µm and the mass loss of
the fine particles increases as a function of temperature and time. Coarse
particles are not affected by changes in heating temperature, and the mass
loss is restricted to the first hour of heating. These observations can be
explained by the predominance of volatile material in fine particles, while
coarse particles are mainly composed of refractive non-volatile material and
are in general relatively inert chemically.

The study suggests that it is important to account for the volatile fraction
of PM2.5. The traditional TEOM underreported PM2.5 mass concentrations
on average 17% when compared with the MOUDI. This means that a tradi-
tional TEOM reporting a PM2.5 mass concentration of 25 µg m−3, which is
the national reporting standard suggested by the Air NEPM, would report
5 µg m−3 less than the true value. Thus the FDMS should be employed to
account for volatile mass loss. However, it is probably not worthwhile using
the FDMS to account for the volatile fraction of PM10, as the volatility of
particles larger than PM2.5 is relatively small. Nevertheless, the volatility
of PM2.5 must still be considered when the PM2.5 fraction of PM10 is high.

In order to verify the results of this experiment, future studies should include
more samples by each instrument and samplings made with more than one
instrument of each type. This would enable statistical analysis of the col-
lected data. In addition, assumptions made regarding chemical composition
of the particles ought to be confirmed with chemical analysis.
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Appendix A MOUDI Data

Table 1: Cut-point size and number of nozzles for each stage of the MOUDI
[13]

Stage Cut-point Calibrated Number
cut-point of

(µm) (µm) nozzles
Inlet 18.0 . 1

1 10.0 9.9 1
2 5.6 6.3 10
3 3.2 3.1 10
4 1.8 1.8 20
5 1.0 1.0 40
6 0.56 0.52 80
7 0.32 0.295 900
8 0.18 0.166 900
9 0.10 0.094 2000
10 0.056 0.053 2000
11 0.0 0.0 –
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Appendix B
Ultra-Microbalance
Calibration
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R2 =  0.3719

Figure 1: Plot of the calibration data for the ultra-microbalance. The straight
line shows a linear fit to the data, and its equation and correlation (R2) are
displayed
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Appendix C Interstage Loss
Factor

Table 2: Interstage loss factor for the inversion stages of the MOUDI

Particle diameter Interstage Particle diameter Interstage Particle diameter Interstage

(µm) loss factor (µm) loss factor (µm) loss factor

0.01 0.119 0.158 0.0152 2.51 0.0133
0.0112 0.108 0.178 0.0142 2.82 0.0134
0.0126 0.101 0.2 0.0135 3.16 0.0138
0.0141 0.0978 0.224 0.0132 3.55 0.0144
0.0158 0.097 0.251 0.0132 3.98 0.0152
0.0178 0.0963 0.282 0.0135 4.47 0.0168
0.02 0.0936 0.316 0.0137 5.01 0.0182
0.0224 0.0905 0.355 0.014 5.62 0.0205
0.0251 0.0855 0.398 0.0144 6.31 0.0238
0.0282 0.0807 0.447 0.0148 7.08 0.0274
0.0316 0.0743 0.501 0.015 7.94 0.0302
0.0355 0.0675 0.562 0.0154 8.91 0.0334
0.0398 0.0616 0.631 0.0155 10.0 0.0368
0.0447 0.0553 0.708 0.0156 11.2 0.0401
0.0501 0.0497 0.794 0.0156 12.6 0.0431
0.0562 0.0435 0.891 0.0155 14.1 0.0471
0.0631 0.0391 1.0 0.0154 15.8 0.0501
0.0708 0.0341 1.12 0.0152 17.8 0.0548
0.0794 0.0301 1.26 0.0148 20.0 0.0603
0.0891 0.0261 1.41 0.0145 22.4 0.0664
0.1 0.0233 1.58 0.0141 25.1 0.0717
0.112 0.0199 1.78 0.0138 28.2 0.0792
0.126 0.0181 2.0 0.0135 31.6 0.0883
0.141 0.0165 2.24 0.0134 35.5 0.0962
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