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List of abbreviations
AMS Aerosol Mass Spectrometer
APM Aerosol Particle Mass analyser
APS Aerosol Particle Sizer
BC Black Carbon
BLPI Berner Low Pressure Impactor
CNC Condensation Nuclei Counter
CPC Condensation Particle Counter
DGI Dekati Gravimetric Impactor
DLPI Dekati Low-Pressure Impactor
EC Elemental Carbon
ED Ejector Diluter
EDS Energy Dispersive Spectroscopy
ENM Engineered Nanomaterial
ELPI Electrical Low-Pressure Impactor
FMPS Fast Mobility Particle Sizer
GMD Geometric Mean Diameter
GSD Geometric Standard Deviation
LAS Laser Aerosol Spectrometer
LDSAC Lung Deposition Surface Area Concentration
MMD Mass Mean Diameter
NSAM Nanoparticle Surface Area Monitor
OC Organic Carbon
OGC Organic Gaseous Compounds
OPC Optical Particle Counter
PAH Polyaromatic Hydrocarbons
PM Particulate Matter
PM1 (2.5, 10)  Mass of particles below aerodynamic diameter of 1 µm

(2.5 µm, 10 µm)
PRD Porous tube Diluter
SEM Scanning Electron Microscope
SMPS Scanning Mobility Particle Sizer
SOA Secondary Organic Aerosol
TEOM Tapered Element Oscillating Microbalance
TEM Transmission Electron Microscope
TOF Time-Of-Flight of a particles over a known distance
VOC Volatile Organic Compound



List of symbols
dem Electrical mobility diameter
dme Mobility equivalent diameter
da Aerodynamic diameter
de Volume equivalent diameter
ds Stokes diameter
Dfm Mass-mobility exponent
Df Fractal dimension

Dynamic shape factor
Air viscosity

eff Effective density
p Particle density
0 Unit density
b Bulk (material) density

mp Single particle mass

Particle definitions
The following definitions of aerosol particles are used in this thesis.
Coarse particle Particle with diameter larger than 10 µm
Fine particle Particle with diameter smaller than 1 µm
Nanoparticle  Particle with at least one dimension smaller than 100

nm
Nanoagglomerate Agglomerate particle consisting of nanosized

primary particles
Nanomaterial Particle with internal functional structure smaller

than 100 nm



Combustion condition definitions
The following combustion condition definitions are given in terms of
emissions. They are not directly comparable to combustion efficiency.

Efficient Optimal combustion conditions resulting in low
emissions. Corresponds to efficient wood pellet
combustion.

Intermediate Adjusted combustion conditions resulting in
elevated emissions. Corresponds to continuous
wood combustion with partial load or
malfunctioning.

Smouldering Adjusted combustion conditions for emission levels
similar to batch combustion of wood. Approaches to
batch combustion emissions.

The  following  definitions  are  given  in  terms  of  chronology  of  the
combustion cycle.

Ignition Combustion phase at the beginning of the cycle
Ignition of 2nd batch Combustion phase right after the addition of the

second batch
Main combustion Combustion phase during strong gasification with

mainly yellow flame
Glowing embers Combustion phase of char residue burning
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Abstract
Aerosol particles have major effects on global climate and human health. In assessing
these effects the physical and chemical properties of the aerosol particles should be
characterised in detail. This thesis focuses on characterising the physical properties of
nanoparticles and nanoagglomerates from various sources. The studied source-specific
particles were generated with various wood combustion appliances and a nanoparticle
synthesis reactor, as well as by biogenic aerosol reactions. Several types of aerosol
measurement instruments were applied simultaneously for extensive characterisation.
Furthermore, the results from the instruments were compared to obtain a conclusive
understanding about their interrelations.

The measurement instrument comparison showed inconsistency between the results
from various instruments which may cause problems, for example, for occupational
hygiene or emission studies. It was also found that the differences in the results (e.g. size
and concentration) were especially significant for agglomerate particles larger than 200

nm, mainly due to their complex shape. On the other hand, for spherical or small (  100
nm) particles the results were in good agreement. Furthermore, it was observed that the
commonly used aerosol instruments were capable of detecting an increased nanoparticle
concentration with sufficient accuracy for nanoparticle occupational hygiene
applications. However, differences in measured size and concentration were observed.

Different combustion conditions affected considerably the particle size distributions
and the compositions of the emitted particles. One of the key feature of aerosol particles
is their effective density as it connects the particle mobility and aerodynamic sizes, and
enables conversion from number to mass concentration, and vice versa. The effective
density of wood combustion emitted particles was found to decrease with increasing size
as the larger particles tended to have more agglomerated structure than the smaller ones.
However, under certain combustion conditions the size dependency was more complex,
or the density was independent of the size.

To find out the physical state of secondary organic aerosol particles the projection
equivalent and electrical mobility diameters were compared. These results agreed well,
confirming a solid physical state as no significant evaporation took place.

This thesis provides detailed description of the physical properties of particles from
various sources enabling more accurate evaluation of the climate and health effects of the
particles.

Keywords: aerosol, nanoparticles, measurement technology, physical characterisation
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1 INTRODUCTION

An aerosol particle (hereafter referred to simply as particle) is a solid or
liquid object small enough to be carried along by gaseous medium,
often air. Their size ranges from about 1 nm up to 100 µm in diameter.
The maximum particles size rises from the short life time of the largest
particles in the atmosphere due to their relative large weight, and
hence high settling velocity. The minimum size limit is somewhat
conceptual, since particles smaller than a few nanometers are
considered molecule clusters or large molecules rather than particles.
However this limit is not unambiguous (1). Moreover, according to the
Commission of European Union recommendation particles with at
least one dimension below 100 nm are considered nanoparticles (2).

The Earth’s atmosphere has contained particles ever since its
formation. Still today most of the aerosol particles in the atmosphere
are from natural sources such as sea water splashes or precursor gases
emitted by plants (3). However, anthropogenic sources (4) such as
combustion processes (5), can be dominant sources locally, in for
example highly populated areas or industrial sites.

Even though the particles are small, especially the nanoparticles,
they have significant effects on the environment and humans. The
exposure to particulate matter (PM) has been observed to cause
numerous adverse health effects (6). Especially cardiovascular and
lung diseases are connected to particle exposure (7). On the other hand,
particles also affect the global climate by absorbing or scattering
sunlight in the atmosphere (1). Moreover, particles affect the formation
and properties of clouds (8). The net-effect of particles on the climate
change is currently under intense research and the best estimate is that
the particles have a net cooling effect on the global climate (8).

The properties of particles, such as size, morphology, and
composition,  varies  depending  on  their  source.  Furthermore,  the
effects of the particles on the environment and humans depend on
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their properties. Therefore, the physical and chemical properties of
particles should be characterized in detail to understand their
behaviour and effects to the environment and humans.

Over the years, physical properties of particles from various
processes, e.g. diesel emission (9) have been characterised thoroughly.
However, investigations of detailed physical properties of particles
(e.g. particle density) from small scale wood combustion have received
only minor attention. Moreover, in nanotechnology there are in use
numerous different nanoparticles and nanoagglomerates whose
physical properties are currently not well understood.

Numerous methods have been developed and applied to
measuring and characterising aerosol particles (10). However, the
extremely wide size range of the particles causes challenges. Moreover,
the particles can have various shapes and composition, which also
complicates the issue. Therefore, to characterise particles in detail
several instruments have to be used simultaneously to reach extensive
understanding. However, the measurement method affects the results
causing challenges for the comparison and combination of the results
from various instruments.
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Aims of the thesis
The overall aim of the study was to characterise physical properties of
particles in detail from various sources.

In addition, the following sub-aims were set for the thesis
To compare the measurement results from various nanoparticle
measurement instruments (Paper I).
To characterise physical properties of particles emitted during
different wood combustion conditions (Paper II).
To determine the  effective  density  of  particles  emitted during
various phases of small scale wood combustion (Paper III).
To determine the physical state of secondary organic aerosol
particles (Paper IV).
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2 SCIENTIFIC BACKGROUND

Particle concentrations in the atmosphere vary substantially both
temporally and spatially. For example, non-equally distributed
sources and their varying particle production rates affect the local
particle concentration. Typically the fine particle (diameter < 1 µm)
number concentrations at the lower part of the atmosphere are
between 10 - 10 000 1/cm3 whereas coarse particle (diameter > 10µm)
concentrations are much lower, about one particle in every cm3 (1). The
residence time of particles in the atmosphere range from a few days to
a few weeks depending on their size and the ambient conditions.
Particles of several micrometers, for example road dust or desert dust,
cannot stay in the air for long due to the gravitational settling (11).
However, under special conditions (proper air flows) also these large
particles (e.g. desert sand) may rise to high altitudes and remain
airborne for a relatively long time and travel thousands of kilometres
before falling down due to wind or rain (12). Fine particles, on the other
hand,  have  long  life  times  in  the  atmosphere  and  can  travel  great
distances before deposited by, for example, wet deposition.

Fine particle concentrations in the indoor air in developed
countries are strongly affected by outdoor sources (13). The outdoor
indoor transport of the particles can be reduced by filtering the
incoming air. However, there can also be sources of particles indoors,
and the indoor particle concentration may be significant. These sources
include burning candles, using laser printers, smoking, and cooking
(14-16). Thus, people are exposed to mixtures of particles with largely
varying physico-chemical properties from multiple outdoor and
indoor sources (17). In the developing countries the indoor particle
concentrations can be very high due to cooking by fire with poor
household ventilation (18).

At work places people may be exposed to particles from specific
particle sources. One example of the occupational exposure, which is
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currently under intensive investigation, are the engineered
nanomaterial (ENM, size of functional structure  100nm) production
sites. At ENM production sites it is possible that at some point during
the production process particles are leaked and end up in the indoor
air. The properties of these particles are often known because they have
been deliberately formed. This makes it easier to distinguish them from
other particles. However, continuous monitoring is required at ENM
production workplaces to ensure the safety of the employees (19).

2.1 Effects of aerosol particles on climate
Particles are known to affect the global climate system (8). The climate
effects include both direct and in-direct interactions depending on the
properties of the surrounding air and the particles. Direct effects
include absorption or scattering of solar radiation (mostly visible light)
in the atmosphere. The strength of these processes depend on the
physical and chemical properties of particles and the ambient
circumstances. While absorption of radiation by the particles increases
the temperature of the climate, scattering has an opposite impact. For
instance, soot particles are efficient absorbers of solar radiation (20)
whereas scattering by cloud droplets significantly increases the
planetary albedo (8). In addition to their direct effects, soot particles
emitted, for example from small-scale wood combustion, cause
indirect adverse effects for climate change since eventually a part of
them will be deposited on the surface of snow and ice. This fouling of
snow  and  ice  cover  decreases  its  reflection  efficiency  which
consequently increases global temperature (21). Especially arctic
regions,  with  significant  snow  and  ice  cover,  are  sensitive  to  soot
emissions (22). The soot (or black carbon, BC) emissions are currently
of great interest as it has been estimated that these emissions are the
second most important pollutant affecting global warming (21).
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Indirect effects of particles include their role in the formation and
properties  of  clouds.  Particles  can  act  as  nuclei  for  cloud  droplets  if
conditions are favourable. Depending on the particle properties (1), the
formed clouds may have different albedos (23). The particle properties
affect the formed cloud droplet size which in turn defines the life time
of the cloud and the cloud albedo. Anthropogenic particles are more
likely to produce smaller cloud droplets than naturally derived
particles and, hence, those clouds are optically denser (24).
Furthermore, the clouds consisting of smaller droplets remain longer
in the atmosphere scattering incoming solar radiations. However, if a
cloud contains droplets with BC nuclei, the BC absorbs solar radiation
warming the cloud; a warmer cloud has shorter life time (25).

2.2 Effects of the particles on humans
People have been exposed to (natural) PM from the dawn of
humankind. It is clear that also the ancient people were exposed to
wood smoke from a campfires and suffered from the emitted particles
(to some extent). However, it was not until the beginning of the
intensive industrialisation when the adverse health effects of particle
exposure were widely recognized (10).

In modern societies, a lot of effort has been invested to minimise
the  exposure  to  PM.  On  the  other  hand,  today  in  the  developing
countries people still suffer greatly from PM exposure due to
inefficient cooking and heating facilities (26).

2.2.1 Health effects of inhaled particles

The physico-chemical properties of the particles play a key role when
discussing about their health effects and, obviously, the effects depend
on the particle abundance (concentration).

The exposure to particles can cause numerous adverse health
effects on humans (27-29). Especially, the anthropogenic particles are
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known to be harmful (30). For instance, diesel soot particles have been
found to have severe health effects (31) whereas sea salt particles are
benign (32). However, natural particles are not necessarily harmless.
For instance, exposure to volcano ash and wildfires may have severe
health effects (33, 34). The most abundant health effects are
cardiovascular and lung diseases.

Particle properties affecting the health effects include size, density,
morphology, chemical composition, and hygroscopicity (surface
chemistry) (35).

Due to the complexity of the issue, it is challenging to state an
absolute safe level for particle concentration. However, it has been
stated, for example, that exposure to 10 µg/m3 concentration of
particles (PM10) increases mortality to cardiovascular diseases by
nearly 1% (36). Whatever the whole truth, exposure to particles should
always be minimized as a precautionary principle. Moreover, in real-
life people are exposed to mixtures of different particle and gaseous
pollutants leading to complexity in the process of distinguishing which
pollutant is responsible for the observed adverse health effects. Specific
markers have been developed to evaluate the effect of exposure to, for
example, wood combustion particles (37). However, it is not
straightforward to distinguish the role of combustion emitted particles
on human health.

2.2.2 Health effects of engineered nanomaterials

Nanoparticles or nanoagglomerates can be either pollution
components from combustion or produced deliberately as engineered
nanomaterials. The ENM have unique properties, which influence also
their health effects (38). Due to the small size, they can be transported
into the deepest parts of the lungs and continue into the bloodstream
(39). Moreover, cleaning agents of the human lungs, called
macrophages, may have difficulties in clearing them off (40) due to
their small size or abnormal shape (e.g. asbestos and certain types of
carbon nanotubes). In addition to physical properties, the chemical
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composition of the ENM may differ greatly from natural particles
depending on the target application. Therefore, they may be highly
toxic purely due to the chemical composition or the toxicity may arise
from the small size, or both.

The health effects of ENM are being investigated widely all over
the globe (41, 42). Various ENMs have already been tested in the health
studies to find out safe exposure levels to form the basis of legislation.
However,  there  is  an  ongoing  debate  about  the  exposure  levels  and
legislation of nanoparticles and nanoagglomerates (43). The
conventional occupational limits suitable for dust exposure are not
relevant for exposure to ENM. In the meantime, the exposure should
be minimised as a precautionary principle.

2.3 Sources of particles
Despite the importance of anthropogenic sources, PM in the
atmosphere is still mainly of natural origin (Table 1). However, locally
PM  from  anthropogenic  sources  can  be  dominant,  e.g.  near  a  busy
streets or industrial sites.
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TABLE 1: Sources and Estimates of Global Emissions of Atmospheric Aerosols (from
(3)).

Source
Amount, [106 tons/yr]

Range Best Estimate
Natural
Soil dust 1000 - 3000 1500
Sea salt 1000 - 10000 1300
Botanical debris 26 - 80 50
Volcanic dust 4 - 10000 30
Forest fires 3 - 150 20
Gas-to-particle conversion 100 - 260 180
Photochemical 40 - 200 60
Total for natural sources 2200 - 24000 3100

Anthropogenic
Direct emissions 50 - 160 120
Gas-to-particle conversion 260 - 460 330
Photochemical 5 - 25 10
Total for anthropogenic sources 320 - 640 460

2.3.1 Natural sources

Particles from natural origin are either primarily emitted in particle
form or formed through gas-to-particle formation (i.e. secondary
particles). Primary particle sources include, for example, sea water
splashes which produces high number of sea salt particles, and
windblown soil dust. Gas-to-particle formations include, for instance,
secondary organic aerosols (SOA). Plants emit volatile organic
compounds  (VOC)  which  can  react  with  atmospheric  oxidants  (OH,
NO3 and, O3 radicals) forming SOA (44).

An  example  of  natural  process  that  combines  both  primary  and
gas-to-particle emissions is a volcano eruption which produce high
number of particles (especially coarse), as well as gaseous components
which form particles via gas-to-particles formation (45). The largest
eruptions have significant temporal cooling impact even on the global
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climate (46). The role of the other natural sources may not be as
dramatic but by no means negligible.

2.3.2 Combustion processes

The anthropogenic sources (especially urban aerosols) of PM include
energy production and traffic (1). The traffic emissions include
particles from engines and dust from the streets, tyres, and breaks (47).
Energy production via combustion processes produces large quantity
and variety of emitted particles, whose physico-chemical properties
can differ greatly (48, 49).

In small-scale combustion the combustion conditions are often
poor and difficult to adjust or control (50). In addition, emissions are
released to breathing zone due to short stacks increasing particle
exposure. On the other hand, power plants have efficient particle
filtering systems and tall stacks resulting minor particle exposure. In
Northern regions the highest concentrations of combustion particles in
the ambient air are typically measured during the heating season and
especially during inversion conditions (51). Despite the modern large
scale energy plants, batch combustion still remains a common way of
utilising wood for energy production in the developing (52) as well as
the developed countries (48).

The  type  of  fuel  affects  the  combustion  process,  changing  the
quality and quantity of the emissions (50). Moreover, the combustion
efficiencies and emission properties vary greatly between different
combustion technologies (53).

Typically, wood combustion under optimal conditions produce
mainly particles composed of ash compounds, such as, KCl or K2SO4

(Paper II; (53)). In addition, the fuel may contain heavy metals which
can be released to the particle phase.

In inefficient or poor combustion conditions soot emissions and
organic matter become most prominent. In diffusion flames, such as in
wood combustion appliances, soot particles are formed in the fuel rich
region of the flame and later oxidized in the oxygen rich regions of the
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flame or in the post-flame region (54). If temperature and mixing in the
flame and in the post-flame area are not sufficient, soot particles may
not be completely burned up and, therefore, may remain as particle
emissions (1). Soot burnout requires a high temperature with sufficient
residence time (55). Especially batch-wise operated small scale wood
combustion appliances produce high soot and organic particle
emissions due to unoptimal combustion conditions and lack of
adjusting possibilities. Soot and organic particle emissions can be
reduced by optimising the combustion conditions (53). On the other
hand, combustion techniques have been developed for reducing of ash
emissions (56) but are more challenging.

After-treatment technologies for particle emission removal are
currently under development also for small scale combustion (57).
However, a suitable removal method has not yet been widely
implemented. The properties of the flue gas from a batch combustion
vary greatly (concentrations, humidity, temperature, flow rate) which
causes problems for the operation of the flue gas cleaners.

Vehicles  powered  with  gasoline  or  diesel  engines  produce
particles as an engine exhaust. Especially conventional diesel engines
produce soot emissions in high quantities whereas modern diesel
vehicles are equipped with particle filters to reduce the particle
emissions (58). Furthermore, modern diesel engines burn the fuel more
completely lowering further the PM emissions. However, because a
particle filter removes the soot particles, the fumes in the flue gas have
fewer particles to condense onto. Therefore, more nanosized
nucleation particles are formed in the exhaust of filter-equipped diesel
vehicles (59) than that of conventional ones. These nanosized particles
are  more  likely  to  be  deposited  deep  into  the  lungs  than  large  soot
agglomerates. Clearly, the fumes could form particles even if a filter
would not be used but with much smaller numbers. Furthermore,
particle emissions are also an issue for modern direct injection gasoline
vehicle engines (60). They have been found to produce even higher
particle emissions (in number concentration) than modern diesel
engines (equipped with a filter) (61).
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In  addition  to  engine  exhaust,  traffic  produces  road  dust  and
particle emissions from breaks, tyres, and tyre spikes (62). However,
these particles are typically larger than the particles emitted from the
engine.

In  addition  to  vehicles,  combustion  engines  are  widely  used  in
non-road tools, marine transport, and electric generators. These
engines use fuels, such as diesel or two-stroke gasoline. Typically these
engines are not equipped with particle filtration systems. Therefore,
these engines produce significant particle (and gaseous) emissions.
Two-stroke engines are also used in two-wheeled vehicles which
produce significant particle emissions (63).

2.3.3 Nanoparticle synthesis

In the past decades the production of ENM has increased significantly
due to the discovery and rapid rise of nanotechnology (41). These
particles are chemically and physically engineered for each particular
application.

ENMs are not intentionally released to the atmosphere like
combustion particles. However, if they are to somehow escape the
production facilities, their unique and extreme properties may cause
them to have unpredictable effects on the environment (64, 65).
Moreover, exposure to nanoparticles and nanoagglomerates is
especially important issue at nanotechnology workplaces (66, 67).
Unfortunately, at the moment it is not clear which concentration (i.e.
mass, number, or surface area) should be measured for monitoring
particles in ambient air at ENM production and handling facilities (68).
Furthermore, it is under scientific debate which concentration works
the best for evaluating the health effects of the inhaled nanoparticles or
nanoagglomerates.

ENM are synthesised by, for example, aerosol technology, or
liquid method. If using solid precursor, ENM can be produced by, for
example, inert gas condensation (69), spark discharge generators (70),
or laser ablation (71). If liquid or vapour precursor is used, particle
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synthesis can be done by, for instance, chemical vapour synthesis (72),
flame synthesis (73), or flame spray pyrolysis (74). The suitable method
for each specific case is chosen according to the requirements of the
end product.

2.4 Physical properties and characterisation
of the particles
Aerosol measurements began around the mid-19th century with some
pioneering experiments (10, 75). Back in those days the concept of an
aerosol particle was just emerging, although some effects of particles
had been observed even in the ancient Rome where people complained
about foul air (10). Since the early days of aerosol science the
measurement methods have developed a great deal (76, 77). However,
new methods for particle measurement and characterisation are still
being sought.

Numerous aerosol characterisation parameters have been
discovered and developed to describe individual particles and particle
populations in detail. Moreover, great number of measurement
instruments have been invented and developed for measuring the
properties of nanoparticles (78).

In principal, measurement of aerosol particles is based on utilising
some of the five fundamental forces or phenomena affecting particle
behaviour; gravity, electricity, light interaction, inertia or diffusion.
The magnitude of these factors strongly depends on the particle size,
and none of the factors effectively cover the whole size range of all the
existing aerosol particles. Table 2 summarizes the commonly used
measurement instruments applying these phenomena either in particle
classification or detection (counting), or both. Figure 1 illustrates the
measurement ranges of the commonly used aerosol instruments.
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Table 2: Commonly measured particle parameters, particles measurement methods, and used
instruments. Superscript refers to a paper where the instrument is used.

(main) Parameter Method Instruments

Number concentration Growth by condensation and optical
counting

Condensation nucleus counter (CNC)

Condensation particle counter (CPC) 1,2,3,4

Nano condensation nucleus counter
system (nCNC)

Surface area
concentration

Charging of particles and measuring
carried charge

Nanoparticles surface area monitor
(NSAM)1

Charge of particles
Measuring the carried charge

Nanoparticle surface area monitor
NSAM1

Electrical low pressure impactor (ELPI)1,2,4

Measuring charge of particles Electrometer

Mass concentration

Collecting particles on vibrating filter Tapered element oscillating microbalance
(TEOM)

Measuring attenuation of light Opacity meter
Collecting on and weighting a filter Filter collection2

Total scattering of light from population
of aerosols

Nephelometer

Number size distribution

Electrical classification and sensing of
unipolar charged particles

Fast mobility particle sizer (FMPS)1

Electrical classification and sensing of
bipolar charged particles

Sequential mobility particle sizer (SMPS)
Scanning mobility particle sizer (SMPS)

1,2,3,4

Scattering of laser light Laser aerosol spectrometer (LAS)
Unipolar charging, inertial classification,

electrical sensing Electrical low pressure impactor (ELPI)  1,2,4

Time of flight Aerosol particle sizer (APS)
Image analysis Software analysis from EM-images4

Scattering of light Optical particle counter (OPC)

Mass size distribution Inertial classification, weighting of stages

Dekati low pressure impactor (DLPI)2

Berner low pressure impactor (BLPI)
Micro orifice uniform deposit impactor

(MOUDI)
Dekati gravimetric impactor (DGI)2

Chemical composition
Time of flight classification & mass

spectrometer Aerosol mass spectrometer (AMS)3

Single particle mass Electrical and centrifugal classification
Aerosol particle mass analyser (APM)4

Couette Centrifugal particle mass analyser
(CPMA)
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Figure 1: Approximate particle size ranges of commonly used aerosol
measurement instruments. The limits for part of the instruments are nominal.
Acronyms are explained in Table 2.

2.4.1 Concentrations

Aerosol populations are described by various types of concentrations
with numerous units (1). Most commonly used are the number (#/cm3)
and mass concentrations (mg/m3). These parameters describe how
many particles or how much PM is in a certain volume of gas, often air.
Surface area concentration is an example of a less commonly used,
though still useful, concentration.

Special challenges arise when measuring concentrations of
nanoparticles due to difficulties in sampling and detecting them.
Optical, single particle sensing, for instance, has lower size limit of
about 100 nm (77). Moreover, the nanoparticles are demanding to
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detect because of the high diffusion losses (see chapter 2.5.2) in the
sampling lines and inside the instruments. On the other hand, large
particles ( 1µm) are problematic to measure due to their relatively
large inertia and settling velocity. However, these properties can be
used to an advantage in the measurement instrument design (10).

2.4.1.1 Number concentration

Number concentration values are mainly used for scientific purposes.
However,  in  the  upcoming  EURO  VI  standard  the  particle  number
emission will be limited, in addition to the previously limited particle
mass emission (79). Furthermore, number concentration is used, for
example, in clean room air monitoring (80).

Number  concentration  is  measured  most  reliably  by  a
condensation nucleus counter (CNC (77)) (e.g. condensation particle
counter (CPC), TSI). In a CNC particles are grown into the micrometer
size by vapour condensation (often butanol or water) on them. This
enables even nanoparticles to be detected reliably. In the alcohol-based
CNC, the particles uptake vapour when they are first passed through
a supersaturated region of vapour, and then lead into a cool
environment where the condensation takes place. In water-based CNC
(81), the sample goes first into a conditioner saturated with water
vapour. Next the sample moves to a region where the porous wet walls
are heated to result in super saturation conditions. There the particles
uptake water and grow to become micron sized droplets. In all CNC
instruments the grown particles are detected optically one by one
using laser light and a light detector. However, in a photometric mode
particle concentration is estimated from the attenuation of the light.

The size limit of a CNC for small particles results from the fact that
particles  smaller  than  a  few  nanometer  are  too  small  to  act  as
condensation nuclei for a common CNC design, and are therefore not
detected by the optics. A sophisticated design exists for the CNC,
called ultrafine CPC (82), to enhance the uptake of vapour of the
particles down to 2.5 nm by increasing the super saturation. In the
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ultrafine  CPC  particles  are  exposed  to  higher  super  saturation  by
focusing the aerosol flow to a narrow beam. However, these
instruments  have  been  observed  to  be  more  vulnerable  to
malfunctioning due to the complex design.

The lower size limit of the CNC has been extended with an
instrument named particle size magnifier (PSM Airmodus, (83)). The
PSM instrument is used to grow nanometer sized particles (ca. 1 nm)
to larger size with diethylene glycol vapour in order to be detected by
a standard CNC. The instrument (Airmodus nCNC) was developed for
nucleation studies.

There are a few instruments (Table 2) which also provide the
number concentration value as a side product, calculating it from size
distributions (e.g. Electrical Low Pressure Impactor (ELPI), Scanning
Mobility Particle Sizer (SMPS)), but they are not as reliable and
accurate as direct particle counting by particle counters. In the size
distribution measurement instruments the number concentration
value is produced by summing up the size channels of the distribution.
They are not optimised for measuring accurately the total particle
number concentrations. Furthermore, the properties of the particles
(e.g. morphology, density, composition) may affect the size
distribution results. For instance, in optical particle counters the
refraction index of the particles affects the resulting size (84), and a
calibration should be done for each particle population separately. The
properties of the particles have only a minor effect on the butanol-
based CNC, whereas water CNC tends to have challenges when
measuring highly hygroscopic particles (85).

2.4.1.2 Mass concentration

At the moment mass concentration is the only regulated particle
parameter in air quality measurements (e.g. (86)), occupational
hygiene (87), power plants (e.g. (88)), and, in some countries,
residential wood combustion (e.g. (89)). In addition, vehicle emissions
are limited by emitted particle mass concentration (79).
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The simplest and most commonly used method for measuring
mass concentration is collecting particles on a filter and weighting
them offline (90). The accuracy of this method is sensitive for the
sampled volume and the scale used. Moreover, the method is quite
onerous. Because this method is a collective offline method, it loses the
temporal variations in the particle concentration by providing only
single value per collected sample. However, other tests, such as
chemical analysis can be conducted from the collected samples.

A more advanced method for measuring mass concentration is a
tapered element oscillating microbalance (TEOM, Thermo Scientific;
(91)) which provides a mass concentration value online. It contains a
filter which is placed on top of an oscillating class tube. The change in
the oscillation frequency is a function of collected mass. The resolution
of TEOM is in the range of 0.1 µg/m3 and it can operate up to
concentration of 1 g/m3. TEOM works the best when monitoring urban
outdoor air for long periods of time since it is sensitive for external
physical disturbances.

In addition, a beta gauge measures aerosol mass concentration by
determining attenuation of beta radiation due to particles deposited on
a filter. The instrument measurements were found to differ from
gravimetric mass concentrations by 6%. (92)

Obviously, there are a number of other instruments, or methods
which provide mass concentrations as a computational output (Table
2). However, they often suffer from lower accuracy than the direct
methods  due  to  the  required  assumptions  and  simplifications.  For  a
specific type of particles the computational mass concentration output
can be calibrated, but if the particles or particle properties change, the
calibration will no longer be valid.

For instance, ELPI has been applied for measuring PM1-
concentrations of wood combustion emissions (93). On the other hand,
an opacity meter measures the attenuation of light due to particles,
with the attenuation being proportional to the particle mass
concentration with a specific calibration factor. Similarly, a Dusttrak
(for example TSI 8520) is an instrument which provides an estimation
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of the mass concentration of the particles based on scattering of laser
light (94).

When evaluating the health effects of the ambient air particles,
particles larger than 10 µm (sometimes 2.5 µm) are removed from the
sample as they are not considered inhalable. Moreover, in some
emission  studies  large  particles  (larger  than  1  µm  or  2.5  µm)  are
removed because, otherwise, their mass would dominate the mass
concentration value even if  in  number  they would be  very rare.  The
concepts of PM0.1 (ultrafine particles), PM1, PM2.5 (fine particles), and
PM10 are used to denote the particle mass concentrations of particles
smaller (in aerodynamic diameter) than the subscript number in
micrometers. TSP (Total Suspended Particles), on the other hand, is
used  for  particle  mass  concentration  without  removing  any  size
fraction of particles.

If the size selection is required, pre-separators prior to the
measurement instrument can be used to remove the large particles.

2.4.1.3 Surface area concentration

Surface area concentration has been suggested as an important
parameter for particle induced health effects (42). This parameter
might be suitable for evaluating and regulating exposure to ENM as
the particle interactions in the lung occur mainly via surface reactions.
However, it has been shown that the surface area is not necessarily a
major factor in particle induced health effects (95). Moreover, the
concept of particle surface area is rather complicated to determine and,
thus,  various  definitions  and  measurement  methods  have  been
introduced (96).

The charge captured by a particle population passing through a
cloud of unipolar ions is related to the particle surface area (96). The
relation depends on particle  size.  This  charge or  the  induced charge
can then be easily and accurately measured by an electrometer. For
example, a nanoparticle surface area monitor (NSAM, TSI; (97))
measures the charge carried by the charged particles which
proportional to Fuchs surface area (96). The instrument has been
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calibrated in a way that the charge, measured by an electrometer, is
proportional to the lung deposition surface area according to the IRCP
lung deposition model (98). The adjustable parameters in the NSAM
are the calibration factor and the ion trap voltage. The manufacturer
has used NaCl particles for the calibration. These particles are rather
uniform in shape and easy to produce. It is not conclusively clear how
the instrument copes with complex nanoagglomerates.

Another instrument for measuring the surface area concentration
of nanoparticles is a Pegasor particle sensor (PPS; (99)). It charges
particles by creating ions with a corona needle. The charge carried by
the particles is detected as they escape a Faraday cup. Moreover, there
are a number of other instruments available for measuring lung
deposition surface area of nanoparticles (100).

Another method to determine the particle surface area
concentration is to calculate it from a number size distributions as done
in paper I. In this method the particles are assumed to be spheres of
diameter equal to the mobility size. Obviously, this method ignores the
effect of particle shape to the particle surface area.

2.4.1.4 Concentration and size distribution conversions

A number concentration can be converted to a mass concentration if
the particle density and size distribution are known, and vice versa.
Moreover, a number size distribution (see chapter 2.4.3) can be
converted into a mass size distribution if the particle density function
is known.

The number to mass conversion is useful, for instance, when
calculating  inhaled  dose  of  PM  from  a  measured  number
concentration. Often the number concentration is simpler to measure
(as primary output) than the mass concentration.

The number  to  mass  or  mass  to  number  conversion is  trivial  for
uniform spherical particles of unit density. However, challenges arise
from the uncertainty of the particle density function. Furthermore, the
cubic dependency between the particle size and mass (for spherical
particles) can cause massive errors to the conversion if particle size is
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not measured reliably and accurately. In other words, small errors in
size cause large errors when the diameter is raised to the power of
three. Nonetheless, Tittarelli et al. (101), for example, found a
reasonably good correlation between a particle counter and a
gravimetric analysis for particle concentrations in the ambient air.
They assumed spherical particles with constant density. For accurate
results the mass and number concentrations should be measured
directly and separately. However, for certain cases, the converted
concentration value might be accurate enough.

Mobility  and  aerodynamic  particle  sizes  are  connected  by  the
effective particle density (102). Therefore, if the particle density is
known the number size distributions in aerodynamic and mobility
sizes can been converted to each other. For example, a size distribution
measured with an impactor can be directly compared to a size
distribution measured with an electrical mobility analyser.

2.4.2 Particle size

The concept of particle size (often diameter) is rather complicated to
define. Various definitions for diameters are used in the field of aerosol
science (11). The origin of the various particle diameters often lays in
their measurement methods. Most relevant particle sizes for this study
are aerodynamic and electrical mobility diameters. The aerodynamic
diameter is defined as a diameter of a unit density sphere having same
gravitational settling velocity as the particle in question (3). This
consequently means that the aerodynamic diameter is related to
particle the density. Aerodynamic diameter is the most relevant
measure of particle size in lung deposition to the upper parts of the
respiratory system for particles larger than about 400 nm (3).
Therefore, it follows that lung deposition is also related to particle
density. Moreover, particle behaviour in filters, cyclones, and
impactors is described by the aerodynamic size (10).

The projection area equivalent diameter (from e.g. EM-
micrographs) is sometimes considered as “real” particle size because it
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is not proportional to the particle density. Electrical mobility diameter
has been shown to be roughly equal to this diameter (103). Therefore,
it follows that electrical mobility diameter, which can easily be
measured by electrical mobility analysers, can be considered as a good
estimate for true particle size. However, the high electric field may alter
the orientation of particles in the classifier resulting in a slightly
smaller observed particle size (104).

The commonly used particle sizes are related as follows (3):

(Eq. 1)

where vts = terminal settling velocity, p =  particle  density, 0 =  unit
density, b = bulk (material) density, de= equivalent volume diameter,
da = aerodynamic diameter, ds = Stokes diameter (~mobility diameter),

 = dynamic shape factor, µ = air viscosity.

2.4.3 Particle size distributions

Particle size distributions describe particle abundances in a range of
size fractions. In the case of particles of only one size present, the
distribution is by definition monodisperse. However, in the field of
aerosol science a distribution whose geometric standard deviation
(GSD) is less than 1.2 is, generally, considered monodisperse. In real
situations particle size distributions are rarely monodisperse, rather
particles of numerous sizes are present simultaneously (polydisperse
distribution). The size distributions of particles of natural origin often
fit well on a log-normal function, though often with a number of size
modes (10).

A number of mean particle size parameters are used in presenting
average particle sizes, including geometric mean diameter (GMD (11))
and a mass median diameter (MMD (11)). The width of a size
distribution mode is typically described by the geometric standard
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deviation (GSD (11)). For multi modal distributions GSD has to be
calculated separately for each mode. The area underneath a size
distribution is the total particle concentration (e.g. Ntot). Therefore, a
single mode particle number distribution is perfectly determined if its
GMD, GSD, and Ntot are known.

Instruments for determining particle size distributions come in
great number with many different operation principles (Table 2).
Electrical mobility classifiers use electrical field to size classify the
particles and utilise either electrometers or optical particle counters for
detecting them (e.g. Differential Mobility Particles Sizer, DMPS and
SMPS (105)). In a Fast Mobility Particles Sizer (FMPS, (106)) particles
are classified with electrical field and detected by 22 electrometers, and
the results provided on 32 virtual channels. On the other hand, in an
SMPS the number of size channels can be adjusted by the user since
the electrical potential is scanned continuously over a set range. The
SMPS is the most accurate online aerosol instrument for measuring
particle size distributions with nanometer resolution. The down side
of the SPMS is the low time resolution, though this has been improved
in the latest versions (107).

The electrical field required for size classifying large particles must
be  high  ( 1kV/cm). High electrical field causes irregular particles to
alignment with the field as particles tend to be electrical dipoles in a
strong electrical field. The effect of the alignment tends to be significant
with particles larger than few hundred nanometers. Obviously, the
effect of alignment depends on the particle shape. (108)

Particle mass size distributions are typically measured, for
instance, with cascade impactors (10), which have a number of
impaction stages (jet nozzles and impaction plates) in series. Particles
with a specific inertia are deposited on a corresponding impaction
plate. These cascade impactors include the Dekati low pressure
impactor (DLPI (109)), the Dekati gravimetric impactor (DGI (110)),
and the Berner low pressure impactor (BLPI, (111)). In those
instruments particles are deposited on impaction plates, the collected
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masses is weighted afterwards, and the size distributions calculated
offline.

A more sophisticated version of the DLPI is an ELPI (112) which
measures size distributions online. The size distribution is calculated
from  the  charge  carried  by  the  particles  which  are  deposited  on  the
various impaction stages. In ELPI the particles are charged by a
unipolar corona charger. When a particle deposits on the
corresponding plate it releases its charge. The charges deposited with
numerous particles produce currents which are measured by an
electrometer on each plate. The current values are converted to a
number size distribution. The number size distribution is sometimes
converted into an estimate of the mass size distribution.

Impactors classify particles according to their aerodynamic
diameter, which makes them sensitive to the particle density.
Moreover, the size resolution of cascade impactors is low because of
the  limited  number  of  impaction  stages.  On  the  other  hand,  if  large
number of stages would be used the total pressure drop would become
too great.

In addition to inertial classification, particles can be size classified
by measuring the time taken to fly over a known distance (e.g. Aerosol
particle sizer (APS, TSI; (113)). This time of flight (TOF) is proportional
to the particle size. Detection is often done optically.

Particles larger than the wave length of visible light can be
measured reliably optically. The size distribution can be determined
by measuring scattered light from the particles with a photometer
(optical particle counter, OPC (3), laser aerosol spectrometer, LAS, TSI,
(114)). The light scattered from a single particle is detected by the
photometer. Signal from the detector provides information about the
particle size and the number of signals tells the particle number
concentration. This method suffers from the variation of optical
properties between the particles. Therefore, it should be calibrated for
each particle type separately to provide accurate results. OPC is useful
tool for particles larger than a few hundred nanometers when highly
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accurate results are not required. Moreover, the concentration cannot
be too high to avoid coincidence in detecting.

An offline method for a number size distribution measurement is
to count particles on an electron microscopy sample. Large particles
can be analysed with an optical microscope. The analysis can be done
either manually or utilizing computer software (115, 116). In the
automatized particle counting, finding the edges of the particles can be
difficult. The edges can be found by analysing the gradients of the
grey-scale values of the image. Typically, at the edge of the particles
the gradient is large. However, the method has challenges with finding
the edges and recognising the voids (and other light parts) on a
particle. For example, the holes of the collection grid (Fig. 4) can be
easily confused with particles. Moreover, particles may be thinner in
some parts which makes them seem lighter in the image and confuse
by the recognition algorithm. Therefore, a fully automatized particle
recognition software  works  properly  only  for  ideal  samples.  A more
reliable method is to find the particles automatically, but confirm the
findings manually. Moreover, in the microscope particles are exposed
to vacuum and bombardment  by electrons.  These  factors  may cause
volatile components to evaporate or sample material to decompose
during the microscopy analysis resulting in smaller particles.

Measuring absolute concentrations of particles by counting them
from a microscopy image is challenging because the collection
efficiency is not precisely known and it is very hard to verify that all
the particles from the sample are counted. Therefore, image analysis is
a useful tool in defining the relative particle abundances of different
sizes.

The chemical composition of particle as a function of particle size
can be analysed from the particle material collected on impaction
plates of a cascade impactor. An online instrument for chemical
analysis of particles is an Aerosol mass spectrometer (AMS, (117)).
AMS classifies particles according to their TOF over a known distance.
The particles are then vaporised by heat or laser, and the vaporised
components analysed by a quadrupole or time-of-flight mass
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spectrometer. AMS requires a highly trained operator and the data
analysis  is  complicated.  Therefore  AMS  is  used  mainly  for  scientific
purposes.

2.4.4 Effective density of a particle

The density of particles affects their behaviour in the atmosphere and,
for example, in the respiratory tract. Despite the importance, density is
a somewhat complex concept for non-spherical and non-uniform
particles. For uniform sphere the density is trivial; it is the mass of the
individual particle divided by its volume. However, real particles are
rarely spherical. Therefore, a concept of effective density ( eff) has been
introduced (104). This particle property should not be treated as a
“real” density because it is a computational simplification. Their origin
often lies in their measurement method. Differently defined effective
density values must be compared only with proper understanding and
care. In this work the effective density is defined as the mass of a single
particle divided by its electrical mobility equivalent volume (118)

=   (Eq. 2),

where mp is mass of an individual particle and dem its electrical mobility
diameter (here: diameter measured with an SMPS). In the field of
aerosol science also several other definitions for effective density have
been introduced and developed (119).

Density of a particle is an important property because it relates the
aerodynamic and mobility diameters (11). Furthermore, the
knowledge of the particle density enables a direct comparison of
impactor and electrical classifier results without falsely assuming a
unit density. In addition, with the known effective density, a number
size distribution (or number concentration) can be converted to the
corresponding mass size distribution (and vice versa) without making
simplifications or assumptions regarding the particle density. These
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simplifications can be misleading quite significantly. For example, it
has been shown that the particle mass deposited in the human lungs
can be overestimated by 132% if unit density is used rather than a size
dependent density (120).

 A conventional and simple method for determining effective
density is to measure size distributions with an electrical classifier and
an impactor (121). An estimate for the density is found when the modes
of both distributions match when adjusting the density value. This
method suffers from a lack of information regarding the size
dependency of the density. Moreover, density can be determined by
comparing the diameter from AMS (particle vacuum diameter) to the
mobility diameter (119). A recently introduced method for density
determination is to use a differential mobility analyser (DMA) and an
aerodynamic classifier (AAC, (122)) in series. However, most
sophisticated an accurate method for determining the effective density
is to use an aerosol particle mass analyser (such as APM; (123)) and a
SMPS in series (75, 124). This method enables the determination of the
effective  density  over  a  sufficient  range  of  particle  sizes  and  with
adequate resolution. However, this method requires a sufficiently high
particle concentration and a stable aerosol source. It is also possible to
locate the DMA prior to the APM with a CPC counting the penetrated
particles (75). This setup is much slower than APM-SMPS because
SMPS scans its size range faster than the APM. The system is very
sensitive to changes in the particle concentration of the source.

2.4.5 Particle morphology

Particle transport properties in the atmosphere and in the respiratory
tract are partly described by particle morphology (121). For simplicity
or lack of knowledge, the term morphology is often used simply as a
synonym for particle shape. However, morphology is a set of features
which describe shape, size, texture, and phase distribution of physical
objects (125). One feature of morphology is the fractal dimension (Df)
which in aerosol science describes the self-similarity of a particle (126).
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However,  in  the  field  of  aerosol  science  the  term  is  sometimes  used
loosely or even falsely (126). Various definitions exist for particle
fractal dimension, depending on the determination method (127, 128).
In a three dimensional system a perfect sphere has a fractal dimension
of three and an absolutely linear particle a fractal dimension of one.
The most fundamental definition for the particle (or agglomerate)
fractal  dimension  is  given  in  terms  of  the  radius  of  gyration  (Eq.  3
(128)) which requires knowledge about the primary particles in the
agglomerate

=   (Eq. 3),

where N is number of primary particles, Rg is the radius of gyration,
the primary particle size, and kg a fractal pre-factor. The concept of
fractal  dimension  can  also  be  reduced  to  two  dimensions,  and  used
with projections such as particle analysis from EM-micrographs, using,
for example, a box counting method (129).

 The single particle mass and the particle size of fractal
agglomerates follow a power-law (127)

m = K	d (Eq. 4),

where Dfm is a mass-mobility exponent, dme is an mobility equivalent
diameter, and K is a constant. In this study electrical mobility (dem) and
mobility equivalent (dme) diameters are considered equal. The equation
above can also be written in terms of an effective density (127)

= K d   (Eq. 5),

where K’ is a constant.
In the field of aerosol science, the Dfm is often called some type of

fractal dimension, for instance mass-fractal dimension. However, the
exponent of Equation 4 and 5 should not be called fractal dimension
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even though they are related, at least to some extent. The mass-
mobility exponent is a useful tool in describing the morphology of an
agglomerate particle and can be compared with fractal dimension with
care. (126)

A conventional method for analysing morphology is to analyse
particles from electron microscopy images. In this method the
micrographs are analysed manually to draw conclusions regarding the
particle morphology. With modern electron microscopes the analysis
can be combined with single particle chemical analysis (130). This
method demands high expertise.

2.4.6 Particle charging

Classifying or detecting particles with electrical methods requires
knowledge about the charge distribution of the particles (10).
Therefore, often the particles need to be charged, or neutralized, to
attain a known charge distribution. The data inversion software
utilizes the charging probability function in calculating its output.
Therefore, the assumptions of properties of the charging efficiency
function are crucial.

Depending on the aerosol source, particles may not be electrically
neutral before entering the charger. The initial charge of particles may
affect the charge attained within the charger. Therefore, for example
the FMPS contains a primary charger to overcome the effects of a high
initial charge (131). The initial charge might be an issue, for example,
with engineered particles, whose production procedure enables
charging of particles and the particle concentrations are high. Particles
of the ambient air, on the other hand, are not highly charged (132),
unless artificially exposed to a high number of ions or by natural events
such as lightning. Typically the charge of ambient particles obey the
Boltzmann  distribution  and  causes  no  problems  to  charging  devices
(10).

In general, the charging of the particles is based on exposing them
to a cloud of ions. The ions will be adsorbed onto surfaces of the
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particles. The charging of aerosols can be done either with bipolar or
unipolar chargers. A typical unipolar charger contains a high voltage
needle (positive or negative) which produces a corona discharge. The
discharge ionizes the surrounding air molecules producing a cloud of
unipolar ions whose polarity depends on the polarity of the voltage
needle. The ions are attached on the particles passing through the
cloud  (diffusion  charging).  The  maximum  number  of  charges  on  an
individual particle is limited by the repulsion of charges of the same
polarity. Therefore, the quantity of charges on a particle depends on its
properties, especially size. Large particles have a higher probability for
multiple charges on a single particle. Nanoparticles, on the other hand,
are not likely to attain multiple charge (or even a single charge) due to
the strong effect of rebelling force of charges of the same polarity (3).
Moreover, the morphology and structure of a particle affects its ability
to uptake charges (133). This should be kept in mind when interpreting
the results from an instrument utilising electrical properties.

Bipolar charging is generally done with a radioactive source
(alpha or beta-source). A small amount of active material is placed
inside a shielded container. The radioactive decay produces radiation
which creates a cloud of positively and negatively charged ions. The
aerosol  passes  through  the  cloud  of  ions,  and  the  ions  are  adsorbed
onto  the  particles.  The  net  effect  of  this  charging  is  a  normal  charge
distribution. However, the distribution is not perfectly uniform (134),
but close enough. Special challenges arise when utilizing this method
for the measurement of nanoparticles since most of them will not attain
a charge. Moreover, the challenges with the smallest particles are
emphasized due to a strong diffusion effect causing significant particle
losses.  Furthermore,  large  particles  have  a  higher  probability  of
attaining more than one charge due to a relatively smaller effect of the
rebelling force of same polarity charges. This should be taken into
account in the data inversion.

Recently, a bipolar charger utilising X-rays has come to the market
(135). The produced ion distribution is fairly similar to that of a
radioactive charger, but the number of negative ions is slightly higher
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(135). The resulting differences in the measured aerosol size
distributions caused by the different charging instruments have been
reported to be at an acceptable level (136). However, even a small
differences in the charging features can play a role in the data inversion
and should be taken into account. The advantage of an X-ray charger
is that the operators are not exposed to radioactivity. Moreover, the
international transport of the instrument does not require permissions
from the radiation protection authorities. The disadvantage is that an
X-ray charger requires annual maintenance, unlike a radioactive
charger.

2.5 Particle dynamics
Numerous forces and phenomena affect aerosol particles after their
primary formation. The particles and their properties undergo
continuous changes due to interactions between other particles and the
environment. New particles are formed and a part of existing ones lost
due to deposition. Some particles coagulate with others resulting
larger particles. The particle dynamics play a crucial role in the
measurements.

2.5.1 Particle population evolution

Particles and particle populations evolve over time via various aerosol
processes and chemical reactions in the measurement instruments and
the sampling lines (1, 3). In principle, the same processes occur also in
the atmosphere.

New particles are formed via nucleation and the existing particles
interact with each other and the surrounding environment.
Furthermore, particles may undergo chemical reactions, which may
change  their  physico-chemical  properties  as  well.  A  part  of  the
particles is lost due to deposition mechanisms (Chapter 2.5.2).
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The vapours in the air may independently form new particles
through homogeneous nucleation (1). For example water vapour
requires super saturation of around 400% to undergo homogeneous
nucleation (3). At that point the vapour molecules gather together and
may  form  molecular  clusters.  The  cluster  can  continue  growing  to
become particle if a critical size is obtained. Homogenic nucleation can
be applied in producing ENM (137).

If proper condensation nuclei are present the vapours may
condense on the nuclei through heterogeneous nucleation forming a
larger particle (1). The heterogeneous nucleation requires far lower
saturation than the homogenous nucleation.

Vapours may condense on the surfaces of existing particles
(condensation) increasing their size and affecting their chemical
composition (3). Furthermore, the condensing vapours may change the
morphology of the particles by filling voids in the particle, and through
surface tension cause them to collapse. Obviously condensation
increases particle mass and size.

 A reverse process to condensation is evaporation where volatile
components of a particle vaporise to the ambient air (3) leading to
smaller particle size, and possibly changing its shape. Net-evaporation
requires a change in the surrounding conditions. For example, when
diluting an aerosol sample with clean air, the partial pressure of a
vapour around the particle is decreases and some of the particle
material may evaporate. The dilution may be either artificial or natural.
For instance, flue gas escaping from a chimney is diluted quickly by
the surrounding air. During a dilution process the volatile components
of the particles may either evaporate due to a low vapour pressure or
vapours in the flue gas may condense onto the particles due to cooling
(138).

Particle size may also increase when two or more particles collide
and are attached forming a larger new particle (3). If two or more
particles (primary particles) are attached through van der Waals forces
or surface tension, but not merged together, the new particle is called
an agglomerate (10). On the other hand, if the primary particles are
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fused together the formed particle is an aggregate (10) or a sintered
particle. The degree of sintering may vary greatly, and distinguishing
whether a particle is an agglomerate or an aggregate is not always
simple. During these processes the PM is conserved but the number
concentration is decreased. Clearly, the single particle size and mass
increases.

2.5.2 Particle losses

Deposition of particles may occur due to various competing forces.
Coarse particles (  10 µm) are mostly driven by the relatively strong
effect of their weight (gravitational settling), which is one reason why
there are only a small number of these particles in the atmosphere.
Nanoparticles, on the other hand, are mostly deposited through
thermal  diffusion,  which  is  due  to  the  bombardment  of  the
surrounding gas molecules undergoing random thermal motion. In
addition, particles may be deposited due to a thermal gradient, which
causes the particles to migrate towards colder regions
(thermophoresis);  this is caused by the gas molecules on the warmer
side colliding with the particle at slightly higher velocity than those on
the colder side. If the particles are charged, an electrical force may also
cause them to deposit onto a nonconductive surfaces. If the particles
are moving relatively fast and the path of the carrier gas curves large
particles, especially, may not be able to follow the gas streamlines and
could be impacted onto a surface (impaction). In addition, if a particle
moves close to a surface an interception may occur. (3, 10)

2.6.3 Particle lung deposition

The main route of how particles are introduced into human organs is
breathing. In passing through the respiratory system the particles have
to  be  deposited onto the  lung or  bronchial  tube,  or  else  they will  be
exhaled back out. The respiratory deposition mechanisms are
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described by modelling, and measuring, the relevant deposition
mechanisms mentioned above. For example, ICRP model (139)
provides estimations for particle deposition over a wide size range.
The model is generally used for calculating estimates of particle
deposition into the lungs. The ICRP model takes into account different
factors for different activities, genders, and ages. In addition to the
ICRP model, other lung deposition models have also been developed
and used (140). According to these models, the lung deposition
probability mostly depends on the particle size. However, there are
certain other factors affecting it as well. For instance, the relative
humidity inside the human lungs is higher than in the surrounding air.
Therefore, hygroscopic particles will grow due to the uptake of water,
and hence their size can be greatly larger than the original size (141),
producing complexity to the lung deposition estimation. Moreover,
generally the inhaled air is cooler than the temperature of lungs. This
results a rebelling thermophoretic force on the particles (142).



45

3 METHODS

In this study several measurement methods were used to determine
the physical properties of nanoparticles and nanoagglomerates
released from wood combustion and ENM production. Thus a detailed
physical characterization of these source-specific particles was
obtained.

The occupational exposure to nanoparticles and
nanoagglomerates at nanotechnology workplaces is currently under
intense investigation (143). More information is required on the
methods applicable to monitoring and assessment of ENM exposure at
these sites.

Wood combustion generated aerosol particles were chosen to be
investigated since residential wood combustion is considered to be a
major source of ambient air PM (48). These emissions have been found
to cause adverse health effects (144).

3.1 Particle production

3.1.1 Reference aerosol generation

Reference aerosol particles, for system validation and checking of the
instrument operational conditions, were produced with a constant
output atomiser (TSI 3076) from aqueous solutions (Paper I & III). The
atomiser utilises pressured air which is pushed through a narrow
orifice to achieve high a velocity jet. This jet then draws up and
disperses a precursor solution from a container below. Small droplets
generated by the dispersion are carried out of the system by the air
flow  whereas  large  droplets  fall  back  to  the  solution  container.  To
remove the excess water from the aerosol the aerosol flow must be
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diluted with dry air, which also lowers the particle concentration to a
measureable level.

Polystyrene latex (PSL; Duke Scientific) particles were atomised in
order to validate the particle size and mass calibration. PSL particles
are uniform spheres with a known diameter and material density (1.05
g/cm3), which makes them ideal for system validation. PSL particles
are available in numerous sizes.

Ammonium sulphate solution was used as a precursor to produce
commonly used polydisperse reference aerosol particles. These
particles exist in a wide size range with a known material density (1.77
g/cm3). Moreover, they are almost spherical (145). However,
ammonium sulphate particles may have voids or internal water
leading to decreased density.

3.1.2 Chemical vapour synthesis

A custom-made nanoagglomerate reactor ((146);
Fig. 2; Paper I) was utilised to produce synthetic
nanoagglomerates via a chemical vapour
synthesis process (147). The precursor in this
process was liquid titanium tetraisopropoxide
(TTIP).  The  precursor  was  contained  in  a
bubbler and vaporised with a nitrogen gas (N2)
flow through the bubbler. The bubbler and
vaporising gas flow was kept in a thermostatic
bath to achieve a constant particle synthesis rate.
The vapour flowed into a heated reactor where
the TTIP decomposed thermally producing TiO2

nanoagglomerates (at ~800 °C). The particle
properties were adjusted by varying the carrier
gas and the bubbling gas flow rates (residence
time). After exiting the reactor the aerosol was
again diluted with a porous tube diluter and an

Figure 2: TiO2

production reactor.
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ejector diluter to lower the particle concentration and sampling
temperature to desired levels.

The TiO2 particles  were  used  in  this  study  as  a  standard  for
synthetic nanoagglomerates since they are well-characterised (148)
and composed of (nearly) equal size primary particles. Their properties
can be varied by adjusting the reactor parameters such as the
temperature (149) and the precursor concentration. Moreover, TiO2 is
a rather inert material; its chemical properties do not alter after the
particle formations has been stopped by cooling and dilution.

3.1.3 Fluidising nanopowder

A fluidized bed generator (TSI 3400A) was used to aerosolise a
commercial TiO2 nanopowder. The particle dispersion was done by
passing a pressurised air through a bed of the powder and small
granules. These particles were larger in size than the TiO2

nanoagglomerates (See 3.1.2 above). Moreover, the structure was
different as the powder particles were not composed of chains of
primary particles like the nanoagglomerates (Fig. 4).

3.1.4 Wood combustion aerosol production

An adjustable biomass combustion reactor (150, 151) (Fig. 3) was
applied in producing particle emissions from various wood
combustion conditions (Paper II).  The reactor consists of a solid fuel
burner (Arimaterm, nominal output 40 kW), a fully logic controlled
fuel feeding system, an insulated ceramic combustion chamber and a
boiler. The fuel used was wood chips (bark and stem) of spruce and
Finnish broadleaved trees (bark and stem). The reactor was operated
at three different operational settings to produce different combustion
conditions (efficient, intermediate, and smouldering). These
conditions lead to different quality and quantity of particles and gasses
to be emitted (49, 151).
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The efficient combustion conditions were produced by operating
the reactor with optimal parameters. The unoptimal combustion
conditions (intermediate and smouldering) were produced by turning
off the secondary air (side wall nozzles), and adjusting the primary air
(below the grate) and fuel feeding rates.

Figure 3: Schematics of the combustion reactor system (150).

A  modern  technology  Finnish  masonry  heater  was  utilised  to
produce particle emissions from a log wood batch combustion (Paper
III). The appliance provided combustion air in two stages to enhance
the burn off of the fuel. The heater was used with equal (2.5 kg) batch
sizes of beech, birch, and spruce logs. Primary air was guided through
the grate  directly  to  the  combustion region and secondary air  to  the
secondary combustion region at the top of the combustion chamber.
Using a modern technology masonry heater (air staging) leads to low
emissions compared to a conventional heater (50, 152).

The emitted particles were characterised from four combustion
phases (Paper III). The phases were named as the ignition, the ignition
of the second batch, the main combustion, and the glowing embers.
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A modern technology pellet boiler (56) was used to produce
particles emissions from a continuous wood combustion with high
combustion efficiency (Paper III). The boiler utilized fixed-grate
technology and was operated with a top-feed fuel feeding. The
combustion air was supplied in two stages by adjustable air fans to
provide optimal combustion conditions. Two types of pellet were
used.

3.1.5 Production of secondary organic aerosols

Secondary organic aerosol (SOA) particles are known to have a major
impact on the global climate (44). Forests produce volatile organic
vapours (VOC) which act as a precursor for SOA particles. These
particles are formed in high numbers globally (44, 153). Therefore, to
understand the behaviour of SOA particles, their properties were
characterised (Paper IV)  in  this  study.  The  SOA  particles  were
produced in chamber experiments and collected at a field station in
Hyytiälä, Finland. In the chamber experiments -pinene was exposed
to hydroxyl radicals or ozone to produce the SOA particles. The natural
particles were collected during new particle formation events in boreal
forests near the measurement site.

The sampled SOA particles were collected on an EM-grid and
analysed  with  a  scanning  electron  microscope  (SEM).  The  particles
found on the SEM-images were detected and quantified with image
analyses software (116). Particles from same the sources were also
measured with an SMPS.

3.2 Aerosol sampling and dilution
Aerosol samples from the nanoagglomerate reactor and the
combustion units were diluted to lower the particle concentration and
the temperature to a suitable level for the measurement instruments.
The dilution was executed in two stages. First the sample was diluted
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using a porous tube diluter and then with either one or two ejector
diluters (154). Particle-free pressurised and dried air at ambient
temperature was used as the dilution gas.

With  the  combustion  units  the  samples  were  taken  through  a
heated probe (Paper II and III) to avoid particle losses due to
temperature gradients. The sample from the nanoparticle reactor
(Paper  I) did not require a heated probe as the sample was already
diluted by a “pre-dilution” at the end of the reactor.

3.3 Particle characterisation
The physical properties of the particles were characterized with
numerous aerosol measurement instruments and methods (Table 2).
Both online and offline methods were used.

3.3.1 Concentrations

Particle number concentrations were measured with a CPC (Paper I
and II) (portable, ultrafine, and conventional), and mass
concentrations through a conventional filter collection (Paper II). The
CPC and filter collection methods were chosen because they are basic
tools without simplifying assumptions. PM1-impactors were used
prior to the filter collection to exclude particles larger than the scope of
this  study.  In  addition,  an  NSAM  (Paper  I) measured particle lung
deposition surface area concentrations. Moreover, the size distribution
measurement instruments (see chapter 3.3.2) provided the number or
mass concentration information as an additional output.

3.3.2 Size distributions

Number size  distributions  were  measured online  with the  following
aerosol instruments: an ELPI (Paper I,  II and IV),  an SMPS (Paper I,
III, and IV), and an FMPS (Paper I). The ELPIs were used with sintered
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(SI), aluminium (AL), and steel (ST) impaction plates. Finally, a DLPI
(Paper  I)  and  a  DGI  (Paper II) were used to measure mass size
distributions.

In addition to the above instruments, number size distributions
were determined from electron microscopy images by analysing them
with a semi-automated software (155). The results were compared to
the  size  distributions  measured  with  an  SMPS.  The  studied
micrographs were digital grey scale images.

The images were first size calibrated and divided into sections.
Next, the particle edges were determined using the grey scale
gradients; at the edge of a particle the changes in the grey scale values
are the largest. Moreover, prior to the edge detection a low pass filter
was used. The number of pixels delimited by the particle edges was
then counted to obtain the projection surface area in pixels. Next, a
circle of equal surface area was generated, and the diameter of the
circle was used as the size of the actual particle (projection surface area
equivalent diameter). Finally, the particles recognized by the program
were confirmed by visual observation.

3.3.3 Effective density

An APM-SMPS system was applied in measuring the effective density
of wood combustion emitted particles (Paper III)  as  a  function  of
particle size. In addition, a custom-made sampling chamber (103) was
utilized  prior  to  the  APM.  This  enabled  measuring  particles  from
rapidly changing source.

The chamber was first filled with diluted flue gas. The APM-SMPS
system then sampled from the chamber while filtered compensation
air replaced the volume taken. Obviously, the concentration inside the
chamber decreased due to the dilution by the compensation air. This
limited the measurement time to approximately one hour with a one
litre per minute sample flow rate. Furthermore, the stored sample
suffered from aerosol dynamics such as diffusion losses and
coagulation.
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Nonetheless, the chamber provided a rather stable particle
concentration for the measurements. To estimate the effects of the
residence time to the effective density particles with the same size were
measured in the beginning and later on. The difference was minor.



53

4 RESULTS AND DISCUSSION

4.1 Nanoparticles and engineered
nanoagglomerates
The properties of ammonium sulphate nanoparticles, TiO2

nanoagglomerates, and TiO2 nanopowder were characterised using
numerous aerosol instruments (Table 3 and Fig. 4) and the results were
compared. The instruments include SMPS, FMPS, ELPI, CPC, and
NSAM. The most important of the studied and compared properties
were number concentration, size, and size distribution (in
aerodynamic and mobility size).

Figure 4: Electron micrographs of PSL calibration particles (a), ammonium
sulphate (b), TiO2 nanopowder (c), and TiO2 nanoagglomerates (From
Paper I).
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4.1.1 Particle concentration and size

4.1.1.1 Uniform ammonium sulphate particles

For uniform spheres (ammonium sulphate), with known a density, all
the  studied  common  aerosol  instruments  produced  rather  similar
results (Paper I, Fig. 5). The number concentrations were almost equal
when  measured  with  the  SMPS,  the  FMPS,  and  the  UCPC  (Paper I,
Table 3). However, the portable CPC provided a concentration value
of about 30% lower than the UCPC mainly due to a limited detection
efficiency of very small particles ( 10 nm).

On  the  other  hand,  the  three  studied  ELPIs  with  different
impaction plates showed quite different results. This is mainly due to
the measurement principle of the ELPI as it measures the aerodynamic
particle size and not the mobility size like the SMPS and the FMPS.
When the ELPI data conversion was done using a bulk material density
of the particles the results were, in general, similar to those of the other
instruments (within about 20% difference, except ELPI AL at 200%).
Nonetheless, there were noticeable variations with ELPI results
between impaction plates. Moreover, there can be uncertainty
especially in the lowest size channel of ELPI due to the strong
dependency between particle size and charging efficiency. This effect
is strong for small particles.

On the whole, the number concentration results from all the used
instruments fell quite well within the same range when the material
density of the particles was taken into account.

The particle size distributions of the uniform ammonium sulphate
spheres (Fig. 5) measured with SMPS and FMPS were similar (GMD 32
and 34 nm, respectively), whereas the ELPIs showed larger differences.
The relatively large differences in the ELPI results originates from the
low size resolution (only 12 size channels) and the ammonium
sulphate  particles  were  rather  small  for  the  ELPI.  Obviously,  when
material density was used instead of unit density in the data



56

conversion, the differences between the ELPI and the SMPS data were
significantly reduced.

Figure 5: Number size distribution of ammonium sulphate particles
measured with SMPS, FMPS, and ELPI ( eff = 1.77g/cm3) with different
impaction plates (Paper I).

As with the number concentration, also the number size
distribution was roughly similar with all  the studied instruments for
these  spherical  particles.  This  is  no  surprise  since  the  aerosol
instruments are commonly calibrated and validated using unit density
spheres. Therefore, the ammonium sulphate measurements illustrate
the status of the instruments.

4.1.1.2 Irregular TiO2 nanoagglomerates

Irregularly shaped TiO2 agglomerates  (Fig.  4)  produced  more
significant  differences  in  the  instrument  results  (Fig.  6).  The number
concentration values from the CPCs and the SMPS were acceptably
consistent  (within  about  30%).  On  the  other  hand,  the  FMPS  results
deviated quite a bit from those of the SMPS depending on the average
particle size. If the particle shape differs from spherical the particles
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will be seen somewhat shifted in size (smaller), and thus result in
different concentration value as well. In comparison, Asbach et al. (156)
found similar differences between SMPS and FMPS data for diesel
exhaust agglomerate particles.

The  main  reason  for  these  differences  lies  mostly  in  the  particle
charging methods, but other factors also affect. Even though bipolar
charging  of  particles  in  an  SMPS  also  depends  on  the  particle
morphology (157), but perhaps not as much as unipolar charging does
(158). This causes differences in the measured size distributions for
irregularly shaped particles (agglomerates) measured with mobility
analysers (159). Thus, SMPS can be considered as reference instrument
also  for  irregular  particles  due to  its  superior  resolution and bipolar
charging.

The relatively low size and concentration resolution is a downside
of the FMPS but the fast time resolution (1 sec) makes it a useful
instrument for many applications. However, Levin et al. (160) showed
that the FMPS cannot reliably measure particles with GMD larger than
200  nm  (true  size).  This  result  is  consistent  with  the  findings  of  this
study. In general, the findings of this study about the relationships
between the results from the CPC, the SMPS, and the FMPS were quite
well in line with, for example, a study by Cheol-Heon et al. (161) even
though different aerosols were used.

The studied TiO2 particles were larger in size than the ammonium
sulphate  particles  which  resulted  in  a  roughly  higher  consistency  in
the results between the different ELPI configurations. Nonetheless,
there were still noticeable variations between the concentrations and
the average size of the particles obtained with different impaction
plates. This can be, at least partly, explained by the differences in the
bouncing of the particles from the different plate material.

The ELPIs measured roughly two times higher number
concentrations than the SMPS for larger TiO2 agglomerates. This
difference was not seen with the ammonium sulphate, implying that it
should not have been due to malfunctioning of the instruments. The
ELPI has a larger maximum particle size, which could partly explain
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the difference.  However,  according to  the  number  size  distributions,
the number of particles larger than the maximum of the SMPS was not
significant.

It  should  be  noted,  that  the  effects  of  different  individual  ELPIs
was not studied. Furthermore, the ELPI data should be compared to
that of the SMPS only with care since unit density was used in the ELPI
data conversion. The density of TiO2 agglomerates  is  known to  be  a
function of the particle size (162), but as the exact information for the
current agglomerates was not available a unit density was used.

As a conclusion, significant differences between the average
particle  sizes  measured  with  the  ELPIs  compared  to  the  SMPS  were
observed. However, considering the overall size resolution of ELPI for
nanoparticles, the results are not too far apart.
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Figure 6: Number size distributions of TiO2 agglomerates (two reactor setups)
measured with SMPS, FMPS, and ELPI with different impaction plates. The
parameters of the nanoparticle reactor was changed to produce smaller (top)
and larger (bottom) nanoagglomerates. Figures from Paper I.

4.1.1.3 Fluidised nanopowder

Roughly similar differences were found in concentration and size
between the results of the various instruments for the TiO2

nanopowder  particles  (Fig  4)  and  for  the  larger  TiO2
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nanoagglomerates. The concentration values were in the same range
between the instruments but there were differences with the GMD
results,  for  which  limited  consistency  was  found  between  the
instruments. The particles from a fluidized bed generator are likely to
have a high charge, which may have caused problems for instruments
based on the electrical properties of the particles.

Figure 7: Number size distributions of TiO2 nanopowder measured with
SMPS, FMPS, and ELPI with different impaction plates. Figure from
Paper I.

4.1.2 Lung deposition surface area

Lung deposition surface area concentrations (LDSAC) measured with
an NSAM were compared to the corresponding values calculated from
a  number  size  distribution  measured  with  an  SMPS  assuming  a
spherical particle shape (Paper I; Table 4). The ICRP-model (163) was
applied in the calculations of the LSDAC for the alveolar (AL) and
tracheobronchial (TB) regions. The same model has been used in the
calibration of the NSAM (96). For (almost) spherical ammonium
sulphate particles the LDSAC-values were in a good agreement. This
was no surprise because the instrument has been calibrated using
NaCl-particles (164) which are roughly similar to the (NH4)2SO4
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particles. In addition, Asbach et al. (96) found similar consistency with
spherical DOS particles. In general, the differences in the values in this
study were  within the  accuracy range stated by the  manufacturer  (±
20%).

LDSAC of small TiO2 agglomerates  (SMPS  GMD  70  nm)  was
approximately equal as measured with the NSAM and SMPS even
though these particles were more complex in shape. However, due to
their relatively small size their behaviour in the NSAM was evidently
not too dissimilar from that of spheres.

The agglomerate structure of TiO2-particles becomes more
dominant with larger sizes (162), with the SMPS GMD increased to 141
nm. This resulted in larger differences between the LDSAC results. The
values measured with the NSAM were larger than those measured
with the SMPS. The differences were even larger for the TiO2

nanopowder.
This  behaviour  results  partly  from  the  charging  efficiency  of

agglomerates. NSAM uses unipolar charging, which is dependent on
particle shape and size (165). Shin et al. (104) showed that agglomerates
gain more charge than spheres of same size resulting in higher surface
area values measured by the NSAM. However, as the true surface area
of an agglomerate is larger than that of a sphere the measured LDSAC
should also be larger.

Moreover, it should be noted that some of the largest TiO2 particles
were not well covered by measurement range of the NSAM (  400 nm;
(96)) but were measured by the SMPS. This complicates the
comparison of the results.

To conclude, for smaller particles the surface area values obtained
with the NSAM and the SMPS were in good agreement and but not for
large agglomerates. However, for agglomerates the surface area value
measured with the NSAM may very well be closer to the true value
since agglomerates, obviously, have more surface area than
hypothetical spheres. Nonetheless, in order to execute accurate
measurements of irregular, large nanoagglomerates, the instrument
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should be calibrated for each particular particle type and size
distribution separately.

4.2 Wood combustion particles

4.2.1 Physical properties of wood combustion particles

4.2.1.1 Continuous wood combustion

In  efficient  combustion  conditions  the  particle  emissions  were
dominated by nanoparticles (such as alkali metal salts; Paper II, Paper
III), as found also in other studies (e.g. 53, 166, 167). The particles were
typically small (  200 nm), and consisted of ash forming elements (Fig.
8). They were not spherical, but rather highly sintered agglomerates or
agglomerates with condensed material on their surfaces.

The behaviour  of  (roughly spherical)  particles  is  fairly  simple  to
describe and predict, since all the simplest theories assume spherical

Table 4: Lung deposition surface area concentration measured with NSAM
compared to the corresponding values calculated from SMPS number size
distribution. In set-up A the average particle size was smaller than in set-
up B. Table modified from Paper I.

Alveolar lung deposition

surface area

(µm2/cm3)

Tracheobronchial lung

deposition surface area

(µm2/cm3)

Case NSAM SMPS NSAM SMPS

(NH4)2SO4 particles 6.63E+02 5.57E+02 1.57E+02 1.36E+02

TiO2  agglomerates
smaller particles 4.08E+03 3.68E+03 8.62E+02 8.90E+02

TiO2 agglomerates
larger particles 1.45E+03 1.24E+03 3.95E+02 2.95E+02

TiO2 agglomerates
larger particles 1.91E+03 1.38E+03 4.17E+02 3.30E+02

TiO2 nanopowder 1.12E+02 4.59E+01 2.39E+01 1.08E+01
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particles. However, in human lung, for example, the hygroscopicity of
the particles may alter their behaviour due to the high humidity.

Figure 8: TEM-micrographs of particles emitted during efficient
combustion conditions: a) low-magnification image of particles on carbon
film; b) a high-magnification image of a single ash particle on a carbon film.
The insert shows the elemental composition of the particles, determined with
EDS. Figure from Paper II.

When the combustion conditions were (deliberately) worsened to
an intermediated level (Paper III),  by  adjusting  air  supply  and  fuel
feeding, the properties and composition of the emitted particles
changed significantly (Fig. 9). This was mainly due to the enrichment
of unburned elemental carbon and organic material in the particle
phase, as found also in previous studies (e.g. 53, 168). The release of
elemental carbon and organic material to the particle phase also
increased the average particle size from a few tens of nanometers to
over 100 nm (Fig. 12).
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Figure 9: TEM-micrographs of particles emitted during intermediate
combustion conditions: a) low-magnification image of particles on carbon
film; b) a high-magnification image of a single combustion particle on a
carbon film. The insert shows elemental composition of the particles,
determined with EDS. Figure from Paper II.

The smouldering combustion conditions resulted in yet more soot
and organics in the particles (Fig. 10). This consequently increased the
average particle size to a few hundred nanometers (Fig. 12).
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Figure 10: TEM-micrographs of particles emitted during smouldering
combustion conditions: a) low-magnification image of particles on carbon
film; b) a high-magnification image of a single soot particle on a carbon film.
The insert shows elemental composition of the particles, determined with
EDS. Figure from Paper II.

In the solid fuel burners, the incomplete combustion conditions
can occur for instance at a partial load, when using difficult fuels,  or
during malfunctioning of the combustion appliance (169). In this study
it was found that the temporal variations in the quality and quantity of
the particles increased when the combustion conditions were
worsened (Fig. 11). This also complicated the measurements and the
data. In general, intermediate and smouldering combustion produced
particles that were mostly fractal-like agglomerates (Fig. 9 and 10),
with various particle sizes, mainly consisting of organic material and
elemental carbon. The complex structure of these particles caused
problems for the aerosol measurement instruments and data
interpretation as their size is not well defined. In this study the
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emissions also varied on time scales shorter than the scan time of the
SMPS (120 s) leading to vague results. Thus the data was excluded
from the analysis. If a shorter scan time would have been used the
resulting worsening of the measurement resolution would have also
made the data useless. This problem might have been avoided if the
new fast SMPS with much faster scan time (107) had been available.

Figure 11: Size resolved concentration of organics (Org) and PAHs, particle
number, and gaseous compounds O2 and CO during smouldering
combustion conditions. Figure modified from (170).
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Figure 12: Examples of number size distribution during different phases of
combustion. Distributions measured with ELPI. Unit density was used for
data inversion. Figure from Paper II.

The complexity of the particles emitted from inefficient
combustion makes the results hard to interpret. Moreover, the
evaluation and modelling of the behaviour of these particles is far from
unambiguous.
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4.2.2 Batch combustion of wood

In batch combustion the conditions vary even more than in the
continuous incomplete combustion (Fig. 11 and 13). This is generally
due to the large variety of appliances and operational practises.
Moreover, the conditions cannot be controlled as well as for the
continuous appliances.

The combustion conditions varied significantly between the
different combustion phases. Furthermore, the time variation of the
emissions were rapid and significant (Fig. 13). This required a high
time resolution from the measurement instruments. Moreover, the
number of emitted particles varied greatly demanding sensitive
response from the instruments.
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Figure 13: Chemical composition and calculated bulk density of submicron
particles during combustion of birch log wood measured using SP-AMS.
No dilution correction was applied (average dilution ratio was 400). The
studied combustion phases: I ignition, O ignition of second batch, C main
combustion phase, and E glowing embers. Bulk density was calculated
using the literature density values of the chemical compounds and mass
fractions measured with AMS. Figure modified from Paper III.
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4.2.3 Effective density

The effective densities ( eff) and the mass-mobility exponents of wood
combustion emitted particles were determined for different
combustion phases (ignition, ignition of the second batch, main
combustion, and glowing embers) and fuels (beech, birch, and spruce).

The combustion conditions affected the effective density
significantly (Fig. 14). Generally, eff decreased with increasing size
indicating that particles from batch combustion are typically
agglomerates. However, particles emitted during the glowing embers
phase had a nearly constant density over the covered size range,
indicating nearly spherical particles. This hypothesis can be confirmed
with EM imaging (Fig. 14).

Moreover, in the ignition of the second batch, where lots of
unburned organic vapours were present, the size dependency of the
density was ambiguous. These particles are typical for masonry
heaters.

The heterogeneity of wood combustion emitted particles (125)
partly explains the observation for the particle density. However, the
decrease of the density with increasing particle size has previously
been observed for diesel engine emissions and TiO2 particles, as they
also have agglomerate structure (127).

Incomplete batch combustion produces soot particles (in the
flame). Outside the flame, ash species (and other semi-volatile
material) condense onto the soot particles or form primary ash
particles. The primary ash particles may interact with the soot particles
producing externally mixed agglomerates (125). Moreover, various
amounts of unburned organic vapours may condense on the particles.
In general, cases where soot was present, the particles were
agglomerates consisting of a varying number of primary soot spheres.
With the agglomerates, the effective density followed the power law
(Eq. 5).

 The condensing of the organic vapours had an effect on the
density and the shape of the particles. The primary formed particles
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had densities similar to the bulk density. This can be observed by
extrapolating the density graph (Fig. 14) down to the primary particle
size. If two (or more) primary particles undergo agglomeration the
newly formed particle has “empty space” or voids within the particle,
resulting in a lower effective density. The effect was more significant
at  higher  mobility  sizes.  However,  the  condensing  vapours,  when
present, filled the voids resulting in a different particle shape, and
density.

Since this study of the effective densities of wood combustion
emitted particles was pioneering work the densities and the mass-
mobility exponents were only compared to soot particles from other
sources. The ignition and main combustion phases produced particles
whose densities were in a range reported for diesel soot (127).
Moreover,  similar  values  have  been  found  for  the  density  of  candle
soot (0.62 and 0.26 g/cm3 for 100 and 300 nm particles, respectively;
(171)).

The mass-mobility exponents (See Equation 5) of the particles from
the ignition and main combustion phases were quite similar to that for
diesel soot. They ranged between 2.22 and 2.46, whereas values of 2.33-
2.41 have been previously reported for diesel soot (115).

In addition to the particle size and the combustion conditions, the
effective density was found to depend on the fuel species. However,
this dependency was only weak, and mostly below the variance of
repeated measurements. More studies are required to be able to state
conclusively the connection between the fuel and the effective density
of the emitted particles. Nonetheless, it was observed that the quality
of the fuel does affect its ignition (gasification) and burning properties.
This in turn, affect the quality and quantity of the emitted particles
resulting in also variations in the effective density profiles.

In  pellet  combustion  the  two  different  sets  of  pellets  produced
particles with entirely different form of the density functions. In the
first case particles were close to spherical, similar to those observed
during the glowing embers phase of the batch combustion. Similar
particles for efficient combustion have previously been reported by, for
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example, Sippula et al. (166). In the second case the particles were
highly sintered, short agglomerates (Fig. 14). With both sets of pellets
the combustion processes were highly efficient using the same optimal
operating parameters. Therefore, the particles contained only a small
fraction of elemental carbon. Instead they were mainly composed of
ash forming components. Thus, the differences in the morphology
were due to the differences in the chemical composition of the fuels.

Figure continues
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Figure continues
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Figure 14: TEM micrographs and effective density profiles of particles
emitted during different phases of batch combustion: i and vii) ignition of
the first batch, ii and viii) ignition of the second batch, iii and ix) combustion
phase and iv and x) glowing embers; as well as those emitted by pellet boiler
during nominal operations v and xi). For comparison, vi) fittings to diesel
engine soot (data from Park et al. (127)) and density values of TiO2 (data
from  Ihalainen  et  al.(162)),  xii)  TEM  micrograph  of  TiO2. Figure from
Paper III.

4.3 Measuring particles using image analysis
– comparison to SMPS results
The Paper IV studied  the  phase  of  SOA  particles  (solid  vs.  liquid),
which may influence the partitioning of semi-volatile vapour, the
chemical reactions, and the water uptake properties of SOA particles.
To confirm the solid phase quality of SOA particles, in addition to
particle bounce studies, we have compared the particle size
distribution determined with SMPS and EM analyses. If flattening or
significant vaporisation of the particles took place there would be
differences between the size distributions from the two methods.

The comparison of the size distributions from the image analysis
and the SMPS showed a good agreement for the SOA particles. This
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was expected (if flattening does not occur) as the particles were
roughly spherical resulting approximately equal electrical mobility
and projection equivalent diameters. Unlike the aerodynamic
diameter, the electrical mobility diameter is independent of the particle
density. Furthermore, the analysis confirmed the solid state character
of particles since no significant flattening nor evaporation was
observed between the results of the EM analysis and the SMPS.

The image analysis was well suited for these particles as they had
fairly clear edges (Fig. 15) and did not contain too many voids
simplifying the particle recognition and providing higher accuracy.
Locating the edges is the most essential step in the analysis of particles
from micrographs. The other crucial point is the size calibration of the
pixels.

For highly irregular particles the recognition could be more
demanding and not as accurate. Furthermore, for agglomerate
particles the relation between the electrical mobility diameter and the
projection area equivalent diameter is not unambiguous.

Figure 15: Top row: electron microscopy images (SEM) of SOA particles.
Bottom: Number size distributions from image analysis compared to SMPS
results. The black regions are holes in the grid and the white objects the
particles. Figure from Paper IV.
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4.4 Suitable instruments for aerosol research
and occupational hygiene

4.4.1 Aerosol research

Various  factors  must  be  taken  into  account  when  planning  physical
characterisation measurements of aerosols, and choosing instruments
for it. The CPC is the most accurate and easy to use instrument for a
number  concentration  measurement,  whereas  the  SMPS  is  the  most
accurate for a size distribution measurement. However, the scanning
time for an SMPS measurement is too long for the measurement of
emissions from rapidly varying sources, such as batch combustion
appliances. On the other hand, the ELPI and the FMPS have a fast time
resolution but suffer from lower size and concentration resolutions.
The scan time of the SMPS can be shortened significantly from the
nominal value but this comes with the price of lower size and
concentration resolutions. If it was possible to use narrower size range,
this issue could be avoided. Therefore, there are new models of the
SMPS on the market which have a faster scan time (107). Obviously,
the  short  scanning  time  could  cause  problems  with  monodisperse
aerosol or low concentrations.

Conventional impactors are suitable for aerosol research studies
where short term temporal variations are not relevant. The sample
collection times are fairly long and the time-related information is lost.
These  impactors  are  instruments  for  directly  measuring  mass  size
distributions. Unlike the more sophisticated instruments they do not
require assumptions about, for example, the particle charging
efficiency. The downside is that they are more laborious to operate.

The instrument for each study should be chosen based on the
characteristics of the studied object, i.e. the source and the particles.
Moreover, one should be clear about which aerosol properties are
required for the hypothesis of the study when choosing the
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instruments. Furthermore, the instrument operators need to be
sufficiently trained in measurement and data analysis.

In addition to the instruments used in this study, there is a large
variety of other measurement instruments and manufacturers. For
example, Grimm Aerosol Technik GmbH & Co manufactures
instruments for nanoparticle and air quality measurements that
utilises, for instance, the electrical properties of the particles.
Moreover, Kanomax Inc. manufactures aerosol instruments such as
impactors, while Topas GmbH produces instruments which utilise the
extinction and scattering of light. Pegasor Ltd. manufactures aerosol
instruments based on the measurement of particle charge.

4.4.2 Nanoparticle exposure estimation and occupational
monitoring

For monitoring ENM concentrations in the ambient air of
nanotechnology workplaces a generally accepted method does not yet
exist. Different practises are applied depending on the characteristics
of the operator and the local legislation. It has been suggested that the
conventional occupational hygiene method of measuring particle mass
concentration might not been the best choice for ENM (78). Therefore,
a more sophisticated methods must be developed and applied. The
operation of the instrument should be relatively easy to learn, and the
method or the instrument should be affordable and easy to maintain.
Luckily, such development is ongoing.

This study showed that number of common aerosol instruments
are capable of reliable and accurate measurements of ambient
nanoparticle and nanoagglomerate populations. The SMPS measures
nanoparticles with the highest size resolution and with an adequate
time resolution. However, the SMPS requires sufficient skills in aerosol
technology.

The  FMPS,  unlike  the  SMPS,  consists  of  only  one  unit  and  is
relatively easy to use. It is sensitive and sufficiently accurate for most
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cases. However, for monitoring purposes it suffers from its large size,
relatively fast fouling under harsh conditions, and high price.

The CPC is easy to use and sensitive enough for even the smallest
nanoparticles. However, a simple number concentration value can be
misleading and difficult interpret as it provides no information about
the physical properties of the particles. The advantages of the CPC are
its fast response to changing concentrations and small size.
Maintenance of the CPC is not very complicated. For monitoring
applications an annual service is the only required action. At the
moment, CPCs are used for monitoring particle concentrations in clean
rooms.

The direct  optical  methods,  such as  an OPC (or  an APS)  are  not
suitable for detecting nanoparticles. In optical detection the size of the
particle must be at least about a half of the wavelength of the light used.
In  the  case  of  a  high  concentration,  the  extinction  of  light  can  be
measured even for smaller particles. However, those circumstances, in
general, are not relevant for nanotechnology workplaces.

The low-pressure impactors (and multi orifice impactors (172)) are
capable for classifying and collecting nanoparticles. However, only the
ELPI operates in real time. On the other hand, its operation requires
experience in aerosol science, and it needs at least monthly
maintenance, depending on the ambient particle concentration.
Obviously, the offline impactors are not ideal for monitoring
applications.

As mentioned, the mass concentration is not a relevant parameter
for nanoparticle monitoring. Therefore, in principle, the TEOM is not
a suitable instrument. However, in certain specific cases were
nanoagglomerates are relatively large the TEOM could be useful (173).
The  inlet  flow  rate  of  the  TEOM  can  be  adjusted  increasing  its
sensitivity to small mass concentrations. Furthermore, pre-impactor
could be used prior to the TEOM to remove larger particles.

The  NSAM,  on  the  other  hand,  is  sensitive  to  measure  particles
larger than 10 nm. In addition, it provides useful information about the
particle property. However, the NSAM has been calibrated with
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uniform, spherical nanoparticles and thus data for irregular particles
may be difficult to interpret. Nonetheless, the NSAM provides enough
information to raise an alarm about increased ENM concentration.
Furthermore, the operation of the NSAM is fairly simple and it does
not require daily maintenance. Depending on the ambient
concentration, the maintenance frequency can be as low as once a year.
However, the possible health effects of the inhaled ENM are
impossible to estimate with only the knowledge of surface area
concentration.

There are also other instruments, in addition to the NSAM, on the
market which utilise unipolar charging and detecting the charge
grabbed by the particles. Some of these devices are portable and
battery operated (174).

If one decides to use NSAM (or any other instrument) for
monitoring, the background concentrations should be extensively
determined. The readings during an ENM production or handling can
then be compared to the well-known baseline and an alarm raised if
necessary.
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5 CONCLUSIONS

The assessment of environmental and health effects of natural and
anthropogenic (and engineered) nanoparticles and nanoagglomerates
requires their detailed physical characterisation. The current
technology enables the measurement of various particle parameters.
These parameters include the number and mass concentrations as well
as the size and the size distributions of particles. In addition, methods
for analysing particle morphology, and, more recently, particle
effective density and lung deposition surface area are used in scientific
studies. However, without proper understanding the comparison of
the results from various instruments may be ambiguous. This study
increased the understanding.

Evaluating the exposure to and the effects of ENM on human
health demands knowledge about relevant parameters and suitability
of the instruments. This study focused on two important sources of
nanoparticles and nanoagglomerates that had, so far, been
inadequately studied in regards to detailed physical properties of the
particles: small scale wood combustion emitted particles and ENMs.
On the other hand, diesel engine emitted (soot) particles, for example,
have been characterised in detail in several studies over the past
decades.

In the combustion part of the study the physical properties of the
particles from various combustion conditions were characterised. Both
continuous and batch wise combustion processes were investigated.
The combustion conditions were found to affect the physical
properties significantly. Different density profiles were found for the
studied combustion conditions.

Typically the particles were agglomerates with monotonically
decreasing density with increasing size; as has been previously
observed for diesel soot and TiO2 nanoagglomerates. However, during
the glowing embers phase the particles were nearly spherical ash
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particles with almost constant densities. Moreover, during the ignition
of the second batch organic material condensed onto the agglomerates
filling voids and resulting in a more complex dependency between the
effective density and the particle size. In pellet combustion, on the
other hand, constant densities or monotonically decreasing densities
were observed depending on the fuel used. This variation was due to
agglomerate or nearly spherical shape of the particles.

The knowledge of the density profiles obtained in this study will
enable more accurate estimations of lung deposited particle mass,
compared to using the unit density. Furthermore, the particle
behaviour in the lung and the atmosphere can be modelled with higher
accuracy if the density is known. Finally, the density can be used in the
conversion between number and mass concentrations.

The safety of nanotechnology employees requires monitoring of
the ENM concentration in the workplace ambient air. However, it is
currently under scientific debate which concentration (e.g. number,
surface) is the one to monitor. In this study, differences were observed
in the results produced by the various instruments. Nonetheless, the
differences were mostly at an acceptable level and can be explained by
the physical properties of the particles and the differences in the
physical principles of the measurement techniques.

There exists great variability in the ease of use of the measurement
instruments. Most of the instruments have not been designed for
monitoring by persons without expertise in aerosol technology, even
so, all of the instruments are, to an extent, suitable for nanoparticle
monitoring purposes. Probably the most suitable instrument for
monitoring nanoparticle concentrations would be one that applied
diffusion charging of the particles, followed by a measurement of the
current carried by them. The output would then be a function of the
particle surface area concentration.

In  the  field  of  aerosol  science,  numerous  instruments  have  been
used for studying the physical properties of the particles. The different
instruments have been observed to provide different results when
used for particles from various sources. These differences arise from
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the physical basis of the instruments. Therefore, each study should be
planned separately to ensure that the most suitable instruments are
used. For combustion studies high time resolution is a key feature,
whereas  for  nanoparticle  monitoring  robust  and  easy  to  use
instrument is needed while accuracy can be sacrificed. For
comprehensive  understanding  of  the  physical  properties  of  the
particles a large variety of measurement instruments and methods
should be used simultaneously.
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6 FUTURE PROSPECTS

The physical operating principles of aerosol instruments are based on
only few basic forces and phenomena, such as electrical or gravimetric
forces. These are already well understood which means it is unlikely
that totally new techniques for particle characterisation will be
invented. However, the existing techniques can be further developed
to make them more accurate and sensitive. Especially instruments
should be developed for nanoparticles, which are challenging to
characterise due to their small size. For example, with an AMS or an
APM the smallest measurable particle size is quite large. In some
combustion conditions the size distribution of the emitted particles
may be dominated by particles too small for these instruments.

For nanoparticle monitoring applications the prise of the devices
needs to be brought down. This would enable a wide use of the devices
in ensuring a high level of occupational safety. Moreover, the
separation  of  irrelevant  particles  from  the  ENM  is  hopefully  further
developed to prevent false alarms. Moreover, the devices should
enable the estimation of the dose of inhaled nanoparticles.

The effective density measurements of particles emitted by wood
combustion presented in this thesis was a game opener. More
combustion conditions should be studied now that the technique has
been proven to work with rapidly varying sources. To further develop
the measurement method a faster SMPS should be used, in addition to,
for example, a faster rotating and smaller APM.

The aerosol scientists and technicians have done a great job in
developing measurement instruments and methods over the past
decades. This work needs to be continued to obtain a more conclusive
knowledge of the properties of aerosol particles from various sources.
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Abstract Nanoparticles are used in many applica-

tions because of their novel properties compared to

bulk material. A growing number of employees are

working with nanomaterials and their exposure to

nanoparticles trough inhalation must be evaluated and

monitored continuously. However, there is an ongoing

debate in the scientific literature about what are the

relevant parameters to measure to evaluate exposure to

level. In this study, three types of nanoparticles

(ammonium sulphate, synthesised TiO2 agglomerates

and aerosolised TiO2 powder, modes in a range of

30–140 nm mobility size) were measured with com-

monly used aerosol measurement instruments: scan-

ning and fast mobility particle sizers (SMPS, FMPS),

electrical low pressure impactor (ELPI), condensation

particle counter (CPC) together with nanoparticle

surface area monitor (NSAM) to achieve information

about the interrelations of the outputs of the instru-

ments. In addition, the ease of use of these instruments

was evaluated. Differences between the results of

different instruments can mainly be attributed to the

nature of test particles. For spherical ammonium

sulphate nanoparticles, the data from the instruments

were in good agreement while larger differences were

observed for particles with more complex morphol-

ogy, the TiO2 agglomerates and powder. For instance,

the FMPS showed a smaller particle size, a higher

number concentration and a narrower size distribution

compared with the SMPS for TiO2 particles. Thus, the

type of the nanoparticle was observed to influence the

data obtained from these different instruments. There-

fore, care and expertise are essential when interpreting

results from aerosol measurement instruments to

estimate nanoparticle concentrations and properties.
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Introduction

Over the past decade, the number of applications (e.g.

batteries, antennas and semiconductors) utilising nano-

particles (at least one dimension below 100 nm) has

increased rapidly due to the novel properties of the

nanomaterials compared to bulk materials. As the

particle diameter decreases, the specific surface area

increases exponentially and, therefore, the physico-

chemical properties of these particles, or materials

containing them, are substantially different from those

of bulk materials. However, the increased use of

nanoparticles has raised the question of their adverse

health effects and the safety of nanotechnology is now a

matter of public and scientific debate (Gwinn and

Vallyathan 2006; Colvin 2003). According to numerous

studies, airborne nanoparticles have a potential to evoke

serious adverse effects on human health when, e.g.,

deposited into the respiratory tract (Oberdörster et al.

2005). Hence, the level of exposure to inhaled nano-

particles of the employees must be controlled, moni-

tored and evaluated in real-time with high accuracy.

At the moment, there are no generally agreed

parameters which should be measured to define the

nanoparticle concentration in the workplace air. Nor is

there an agreement on which instruments should be

used to make these measurements. Typically, synthetic

nanoparticles exist as agglomerates that are made up of

a varying number of small primary particles. The size,

shape and morphology can vary between different

nanoparticles. This poses a significant challenge for the

measurement methods because the particle properties

affect the behaviour of the particles within the mea-

surement instruments and human body.

The number and surface area concentrations are

currently in the centre of the scientific debate since

there is a desire to regulate and control the nanopar-

ticle concentration in the ambient air at workplaces.

The number concentration is an easy and simple

parameter to measure but its relevance is difficult to

interpret mainly because the data have such a low

information content (and due to the fact that this

variable is not conserved if agglomeration takes

place). For instance, some everyday chemical reac-

tions (e.g. VOC’s reacting with ozone) can generate a

large number of extremely small nanoparticles. As

such, there is no way of assessing the source or

harmfulness of the nanoparticles by simply measuring

the number concentration. Nonetheless, according to

Borm et al. (2006), the number concentration is at the

moment the main parameter used in nanoparticle

exposure measurements.

A more relevant parameter might be the surface area

concentration (lm2/cm3) as it is easier to interpret.

Moreover, nearly all the chemistry the particles

undergo is by surface reactions and thus the surface

area might be the best choice for a parameter to be

monitored. However, it is not trivial to estimate the

surface area of particles nor is it clear which method

should be used to determine it. There are several

definitions for surface area, all of which describe

slightly different aspects of this parameter. The upper

limit for safe concentration of nanoparticle surface area

(as a function of particle type) should also be evaluated.

There are a few instruments that measure a type of

surface area but they are not yet in widespread use. One

of these instruments, a nanoparticle surface area

monitor (NSAM, TSI) was evaluated in this study.

Since there is no generally established and vali-

dated method for nanoparticle occupational hygiene

measurements, it is essential for scientists to produce

data about the suitability of the aerosol measurement

instruments for real-time nanoparticle exposure esti-

mation. Many measurement campaigns have been

performed in which the output of instruments has been

compared, mainly within the scientific scope, espe-

cially focused on the aerosol of interest. Asbach et al.

(2009b) compared TSI fast mobility particle sizer

(FMPS), Grimm sequential mobility particle sizer and

two TSI scanning mobility particle sizers (SMPS) for

NaCl and diesel soot particles. In general, they found

good agreement in sizing of particles between the

instruments; only the FMPS consistently showed

smaller particle size. The number concentration values

were observed to vary from instrument to instrument.

In addition, the study conducted a comparison of two

identical handheld condensation particle counters

(CPC, TSI). This comparison produced a good agree-

ment between the CPCs but when these CPCs were

compared to the mobility analysers significant,

although acceptable, differences were found. Maricq

and his colleagues (Maricq et al. 2000) compared TSI

SMPS and electrical low pressure impactor (ELPI,

Dekati) for diesel exhaust particles in a size range also

relevant to this present study. They concluded that

some caveats need to be kept in mind when comparing

these two instruments, but nonetheless a clear agree-

ment was found between the instruments even though
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they work according to entirely different measurement

principles. Jeong and Evans (2009) performed an

extensive inter-comparison using SMPS, FMPS and

Ultrafine Water CPC (UWCPC, TSI) instruments. In

terms of number concentration, they found on average

that UWCPC measured the highest concentration

followed by FMPS with the lowest concentration

being measured with SMPS from ambient aerosol.

They found the preimpactor of the SMPS to influence

the number concentration values.

In this study, a variety aerosol measurement

instruments (Table 1) were compared in a manner

relevant to occupational health measurements using

ammonium sulphate and two types of titanium dioxide

(aerosolised nanopowder and synthesised agglomer-

ates) particles. The instruments were gathered from all

the institutes taking part in this study and used as

supplied. The ease of use of the instruments was also

evaluated. This is an important feature of the instru-

ments especially since, traditionally, aerosol instru-

ments have been used by aerosol measurement experts

while in the nanotechnology workplaces, this may not

always be the case. This type of research is especially

valuable for the individuals responsible for the occu-

pational health of employees of nanotechnology

enterprises. The instruments included in this study

can be classified as follows: electrical (SMPS and

FMPS, TSI), impactors (ELPI, Dekati), particle

counters (CPC, TSI) and a lung deposition surface

area monitor (NSAM, TSI). This study should assist

individuals responsible for the occupational hygiene

in deciding which aerosol instrument would be the

most relevant in each particular case.

Methods

Aerosol generation

Three different types of nanoparticles were produced

as test aerosols using a constant output atomizer (TSI

model 3076), a thermal decomposition aerosol reactor

(Backman et al. 2009) and a fluidized bed generator

(TSI model 3400).

Polystyrene latex particles

For size reference purposes, polystyrene latex parti-

cles (PSL, Nanosphere, Thermo Scientific) of two

sizes (97 ± 3 nm and 300 ± 6 nm) were generated

from an aqueous solution with a constant output

atomizer. Even though the water used as the solvent

was purified and deionised, the solution contained

some amounts of impurities which were observed as a

background in the particle size distributions. The PSL

particles are spherical and almost perfectly monodis-

perse (see Fig. 1a) and thus produced a narrow and

sharp peak, which can easily be distinguished from the

background particles in the size distribution. The

density of the PSL particles was 1.05 g/cm3 according

to the manufacturer.

Table 1 The instrumentation

Instrument Principal

particle size

Measured parameter Aerosol flow

(nominal) (L/min)

SMPSa (TSI model 3080L ? 3775) Electrical mobility Number size distribution 0.3

FMPSb (TSI model 3091) Electrical mobility Number size distribution 10

‘‘ELPI SI’’ ELPI (Dekati, sintered plates) Aerodynamic Number size distribution 10

‘‘ELPI ST’’ ELPI (Dekati, steel plates) Aerodynamic Number size distribution 10

‘‘ELPI AL’’ ELPI (Dekati, greased Al plates) Aerodynamic Number size distribution 10

NSAM (TSI model 3550) Lung deposition surface area 2.5

‘‘UCPC’’ CPC (TSI model 3776) Number concentration 1.5

‘‘CPC portable’’ CPC (TSI model 3007) Number concentration 0.67

a Sheath air flow 6 L/min, diffusion and multiple charge correction
b Sheath air flow 40 L/min, not adjustable
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Polydisperse spherical nanoparticles

Ammonium sulphate ((NH4)2SO4) particles are a

typical reference in aerosol science. In this study, they

were used to evaluate the operational state of the

instruments. Ammonium sulphate particles are approx-

imately spherical (Fig. 1b). In this study, these particles

were generated by atomizing an aqueous solution of

ammonium sulphate (25 mg/100 mL) using a constant

output atomizer. This type of particles is also interest-

ing because in aerosol technology, engineered nano-

particles are commonly generated trough gas-phase

reactions in an aerosol reactor. Typically, these parti-

cles have diameters of a few tens of nanometers,

similar to the ammonium sulphate nanoparticles. Under

appropriate conditions, i.e. at low concentrations, the

small nanoparticles do not agglomerate and may leak

out from the process to contaminate the ambient air.

Synthetisised TiO2 agglomerates

Probably, the most common types of synthetic nano-

particles are randomly organised agglomerates, which

consist of a variable number of spherical primary

particles. As a first approximation, the number of

primary particles in the agglomerate defines the size of

the agglomerate. Using titanium tetraisopropoxide

(97% TTIP solution, Aldrich) as a precursor (Back-

man et al. 2009), an aerosol reactor was used to

generate agglomerates consisting of a variable number

of TiO2 primary particles in a random arrangement.

Two reactor set-ups (A and B with different flows and

temperatures) were used to produce particles of

different average size (Fig. 4 and 5) (Miettinen et al.

2009). These TiO2 particles display complex mor-

phology and, therefore, estimating their electrical

mobility and aerodynamic diameters is far from

trivial. This should be kept in mind when analysing

the results shown in Figs. 4 and 5 and Table 3.

Aerosolised nanopowder

During production, packaging, transportation and

storage of nanoparticles nanosized powders may leak

into the working place air. In an attempt to simulate

these situations, particles were generated from

commercial TiO2 powder (TiO2 powder, rutile grade

(UV-titan), Sachtleben Pigments Ltd) using a fluidized

Fig. 1 SEM-micrographs of the test particles. a 300 nm PSL particles, b ammonium sulphate particles, c fluidized bed generated

nanopowder TiO2 particles and d TTIP reactor generated TiO2 agglomerates (set-up B)
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bed generator. The main mode of the number size

distributions was in the region of 100 nm (electrical

mobility diameter) but there were also a significant

number of much larger particles detected within the

sample aerosol (Fig. 6).

Dilution system

Each particle generator was connected to an adjustable

custom-made sample dilution system (Fig. 2) which

consisted of a porous tube diluter and one or two

ejector diluters in series (Lyyränen et al. 2004). Dry

and particle-free pressurised air was used as the

dilution gas. It was not relevant to determine accurate

dilution ratios since this study focused on the

behaviour of the measurement instruments. The most

important feature of the particle generation and

dilution systems was their ability to supply a stable

particle distribution. Dilution air flows for the diluters

were controlled by accurate mass flow controllers

(Brooks Instruments). Downstream from the diluters,

the sample line was split into two to enable reasonable

flows within the sample tubes. The sampling was

not done isokinetically since all aerosol particles of

interest were below approximately 1,000 nm and

assumed to follow the gas flow without significant

deposition within the sampling system. The instru-

ments were connected to the sampling lines by flexible

inert tubing with as short lengths as technically

possible. The dilution can be assumed to have only

Aerosol in

PRD

ED

EXH

EXH

EXH

NSAM

FMPS

ELPI
SI

EM SMPS
ELPI
ST

CPC
3007

ELPI
AL

P

CPC
3776

PRD = Porous tube diluter
ED =Ejector diluter
EXH = Exhaust
FMPS = Fast Mobility Particle Sizer
NSAM = Nanoparticle Surface Area 
Monitor
ELPI = Electrical Low Pressure Impactor
CPC = Condensation Particle Counter
EM = Electron Microscope sampling 
SMPS = Scanning Mobility Particle Sizer
P = Pressure measurement

Fig. 2 A schematic diagram of the measurement set-up (not to scale)
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minor effects on the aerosol properties. Moreover, all

the instruments were supplied the same aerosol with

the same dilution and hence the results can be directly

compared.

Particle measurements

Instrumentation

A large number (8) of aerosol measurement instru-

ments were evaluated in the measurement campaign

covering essentially all of the commonly used types of

aerosol measurement instruments. A detailed list of

the instruments is presented in Table 1. The instru-

ments were obtained from different institutes and were

used as supplied. The flow rates and operation of the

instruments were checked before the experiments. A

schematic image of the experimental set-up, both

instrumentation and dilution system, is presented in

Fig. 2. As long consistent samples as allowed by

technical limitations were measured with each

instrument.

CPC The measurement principle of a condensation

particle counter is to grow the particles through vapour

(e.g. butanol or water) condensation to sizes large

enough (Dp * lm) to be detected with optical methods.

The optical methods are the single particle scattering

(particle counting mode) at low concentrations and

scattering from a population of particles (population

mode) at high concentrations (not used in this study). In

this study, we used two different types of CPCs to

measure the total particle concentration: an ultrafine

CPC (UCPC, TSI model 3776) with a very low detection

limit (2.5 nm) and a portable CPC (TSI model 3007,

detection limit 10 nm) which could be employed easily

in the occupational health applications. According to the

manufacturer, the UCPC and portable CPC are accurate

to within ±10 and ±20% and their nominal maximum

concentrations are 3 9 105 and 1 9 105 cm-3,

respectively.

SMPS The SMPS consists of an electrical mobility

classifier (DMA) and a particle counter (CPC)

working in series (Baron and Willeke 2001). The

DMA consists of a cylinder and a central electrode

(column) with an adjustable voltage set between them.

Upstream of these, there is a neutraliser (bipolar

charging of the aerosol using a radioactive source).

The DMA classifies the neutralised particles according

to their electrical mobility and the CPC counts the

particles that have penetrated the DMA at a given

voltage. When DMA is used in the scanning mode, the

size distribution can be estimated. In this study, the

SMPS (TSI model 3775, TSI model 3081) was

considered the reference instrument and the results

from the other instruments were compared with its

results. The SMPS used in this study measured

particles with size range from 9.7 to 421.7 nm

giving the size information in 105 channels.

FMPS The FMPS (TSI model 3091) consists of a

metal cylinder (column) which is divided into 22

segments along its vertical axis, each of which is

connected to an electrometer. However, the size

information of the particles is presented in 32

channels in the range from 5.6 to 560 nm. Particles

with a certain electrical mobility are deposited onto a

specific segment and the charge carried by the particles

is detected with the electrometer of the segment. The

particle number distribution is calculated from the

measured currents. The FMPS uses a unipolar

diffusion charger (corona needle) to charge the

particles before they enter the column. During the

measurements, the FMPS was partly switched off to

avoid unnecessary fouling of the instrument.

ELPI The ELPI (Dekati) is a cascade impactor in

which the particles are initially charged by a unipolar

corona charger and then detected by measuring the

charge of the particles collected onto the impaction

plates (Keskinen et al. 1992). The ELPI operates at low

pressures to enable smaller particles to be collected.

In this study, we used greased aluminium foil (AL),

greased sintered (SI) and bare steel (ST) collection

plates. The different plates have been observed to

cause differences in the results due to, e.g., particle

bouncing and different cutoff limits (Marjamäki and

Keskinen 2004; Virtanen et al. 2010; Tissari 2005).

All of the three ELPIs consisted of an additional filter

stage (Marjamäki et al. 2002). The filter stage

improves the size resolution of the ELPI for small

particle sizes. In the data inversion, particle density

was set to unity (except where otherwise stated).

NSAM The NSAM (TSI model 3550) is a novel

instrument for use in nanoparticle exposure evaluations

(Shin et al. 2007). The measurement is based on a
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diffusion charging of the particles, an adjustable

ion trap and the charge measurement from a filter.

The NSAM uses the charge information, making

assumptions about the particle properties and using

ICRP lung deposition model (ICRP 1994; TSI 2010), to

estimate the particle lung deposition surface area

concentration (LDSAC). The LDSAC is an estimate

of the total surface area of the particles deposited into

specific section of the human lungs per cubic centimetre

of inhaled air. The instrument can be used in the

alveolar (AL) or the tracheobronchial (TB) mode in

which the ion trap voltage and calibration factor have

been set by the manufacturer to correspond to

the relevant lung deposition efficiencies (AL: trap

voltage 200 V, calibration factor 0.3627 lm2/cm3/fA

and TB: trap voltage 100 V, calibration factor

0.08 lm2/cm3/fA).

The instruments chosen for the present study

represent typical aerosol measurement instruments

commonly used for different size classifications; they

also utilise different particle detection principles. The

particle size can be measured most accurately with

SMPS. However, the complexity of its operation and

slow time resolution (minutes per scan) represent two

major disadvantages. ELPI and FMPS, on the other

hand, have a higher time resolution (maximum of one

sample per second) but a lower size resolution. The

output of the NSAM and the CPC is only a single

number and, therefore, the interpretation of their

results can be challenging. In some cases, this could

also be an advantage, e.g. in the case where they are

used only for monitoring purposes and not for accurate

scientific measurements. Nonetheless, a single number

has fairly limited information content.

Data analysis

The data from the instruments were exported directly

from the measurement software supplied by the

manufacturers. The aerosol parameters (GMD: geo-

metric mean diameter, GSD: geometric standard

deviation, Ntot: total number concentration) were

calculated according to Hinds (1999). The positions

of the PSL peaks were determined by fitting a log-

normal distribution on the size distribution data of the

peaks. The diffusion losses were estimated to be at

most 20 and 5% for particle sizes around 10 and

30 nm, respectively, and to approach zero beyond

100 nm. Therefore, diffusion losses were not taken

into account in the data analysis. No other particle

losses were taken into account.

In this article (where not otherwise stated), the

particle diameter corresponds to the measured particle

size of the instrument, i.e. the diameter given for ELPI

is the aerodynamic and that for the SMPS the electrical

mobility diameter (Table 1). In the data filtering for

ELPI, the particles were assumed to have a unit

density (1 g/cm3). For the ammonium sulphate parti-

cles, the data filtering of the ELPIs was also executed

using the bulk density of ammonium sulphate (1.77 g/

cm3), thus converting the aerodynamic diameter to the

Stokes diameter. In addition, all the instruments were

operated with the highest possible size range setting.

The measurement software of the SMPS was the

Aerosol Instrument Manager (AIM) version 8.1.0.0

with multiple charge correction and diffusion correc-

tion options activated. The software versions were

2.1.0.0 for the FMPS, 2.3.1.0 for the NSAM and 4.0

for the ELPIs.

Results and discussion

Size reference

For size reference purposes, monodisperse PSL par-

ticles of two sizes (97 ± 3 nm and 300 ± 6 nm) were

produced using constant output atomiser (TSI, model

3076). The size of the particles has been defined to a

high accuracy by the manufacturer. These particles are

widely used as size references. The PSL particles have

a density of 1.05 g/cm3 and they are spherical, so the

aerodynamic and Stokes (or electrical mobility)

diameters are equal to within the accuracy range of

typical aerosol measurement instruments. Even

though purified water was used as a solvent for the

PSL particles, a significant number of background

particles (a few tens of nanometers in size) were

generated along with the PSL particles due to impu-

rities in the water. In addition, to minimise the

probability of two PSL particles sticking together

during the atomization, a significant solvent to PSL

ratio was required. This, however, lead to a reduction

of the concentration of the PSL particles in the sample

line making their reliable detection with some of the

instruments challenging. It should be noted that

the PSL peak height was significantly lower with the

300 nm particles than with the 97 nm ones, to the
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extent that the 300 nm PSL peak was no higher than

the background mode due to the impurity particles.

For instance, Maricq et al. (2000) reported that they

had difficulties in seeing 240 nm PSL particles with

ELPI, but not 503 nm particles.

Table 2 shows the positions and standard devia-

tions of log-normal distributions fitted to the PSL

peaks. The total number concentration (PSL ? back-

ground particles) was in a region of 104 #/cm3, which

is a suitable concentration for all of the instruments in

the study. The reference instrument, SMPS, was the

only instrument which was able to distinguish the

monodisperse PSL peaks from other peaks (e.g. duplet

particles consisting of two PSL spheres). All the other

instruments summed up these narrow PSL peaks into

one wider peak. It seems that the FMPS has not been

developed to measure monodisperse aerosols, rather it

attempts to form a smooth log-normal distribution in

all situations. On the other hand, the ELPIs do not have

as high size resolution as the SMPS due to a limited

number of size classifications. Furthermore, the PSL

particles might have significant bouncing effect which

would distort the distribution (Virtanen et al. 2010).

Ammonium sulphate

Ammonium sulphate particles generated by a constant

output atomizer were found to be nearly spherical salt

crystals (Fig. 1b) and assumed not to contain water

due to the dilution with a large volume of dry air. The

number size distributions are shown in Fig. 3 and the

calculated distribution parameters in Table 3.

The number size distributions measured with the

SMPS and the FMPS were similar (GMDs within 6%),

implying that the FMPS can measure correctly when

particles are spherical and the size distribution is not

too narrow. Polydisperse spherical salt particles can be

used to verify the operation of the FMPS whereas PSL

particles are not suitable references for it. For all the

three ELPIs, the measured aerodynamic GMDs

Table 2 Peak position and geometric standard deviation of the log-normal fitting to the 97 and 300 nm PSL peaks

SMPS FMPS ELPI SI ELPI ST ELPI AL

Peak position for 97 nm PSL particles 99 88 89 152 114

GSD of 97 nm peak fitting 1.0 1.5 2.2 1.8 1.6

Peak position for 300 nm PSL particles 299 187 228 –a 305

GSD of 300 nm peak fitting 1.1 1.3 1.5 –a 1.4

The fitting of the data from the FMPS and the ELPI also cover other peaks unresolvable from the PSL peak (doublets etc.)
a For ELPI ST, it was not possible to do fitting of the 300 PSL particles
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(particle density of 1 g/cm3) are larger than the

mobility GMDs measured with the electrical classi-

fiers. When the calculations are carried out using the

bulk density of ammonium sulphate (1.77 g/cm3),

i.e. a conversion of aerodynamic diameter to Stokes

diameter, the results are in good agreement with

those of the SMPS except for the ELPI AL. The

data filtering of the ELPI data with different density

values changes the impactor cutoff diameters and

the charging efficiency curve of the ELPI producing

an altered distribution. The denser the particle the

larger the aerodynamic diameter is compared to

Stokes, or electrical mobility, diameter and vice

versa.

The results of the ELPI AL showed a large amount

of small particles at the lowest stage of the impactor

which leads to a smaller GMD and a larger Ntot

compared to the other ELPIs. This implies that a

significant fraction of particles may have bounced

from the larger stages down to the filter stage of the

ELPI AL. This is supported by Virtanen et al. (2010)

who stated that if particle bounce occurs the particles

are likely to go all the way to the lowest stage due to

the high impaction velocity. The material of the

impaction plate has an effect on the particle collection

efficiency and, therefore, particles will be seen at

different stages for different materials, e.g. due to the

bouncing. Grease is generally used on the aluminium

impaction plates of the ELPI (ELPI AL) to prevent the

bouncing. However, in this study the effect of the

grease was not sufficient. The effect of the bounce can

be minimised using sintered (porous) collection plates

(ELPI SI).

The SMPS, the FMPS and the UCPC gave similar

values for the Ntot which can be considered as a

verification of the concentration measurement. The

portable CPC found approximately 30% fewer parti-

cles than the SMPS; the reason for this is not clear. The

portable CPC cannot detect particles smaller than

10 nm in diameter which might explain a part of the

difference. In addition, it should be noted that the Ntot

value was larger than the maximum nominal value of

the portable CPC. The ELPIs showed significantly

lower concentration values when unit density was used

in the data conversion. With a more realistic density

value (1.77 g/cm3), the concentration values were

acceptable compared to the SMPS, except again for

the ELPI AL.

TiO2 particles and instrument comparison

CPC

The UCPC and the SMPS reported equal Ntot values

for spherical ammonium sulphate particles. However,

for particles with more complex morphology, greater

differences were observed; the UCPC reported

approximately 25% lower values for the smaller

TiO2 agglomerates (set-up A) and roughly 20% higher

values for the larger ones (set-up B) compared to the

SMPS results (see Table 3). The measurement range

of the SMPS did not cover the whole distribution of the

larger agglomerates which partially explains the lower

concentration values. The lower value of the UCPC

with the smaller agglomerates was surprising since

there is no clear explanation why the SMPS would

report too high values. With nanopowder, the higher

values of the UCPC can be explained by the large

number of particles above the measurement range of

the SMPS. The portable CPC systematically showed

lower values (21–28%) than the UCPC. However, the

differences are acceptable considering the accuracy of

the instruments used and the concentration levels used.

CPC is simple to use and requires only moderate

amount of maintenance. The downside is the low

information content, producing only the total number

concentration value, to estimate exposure to nanopar-

ticles. Moreover, without knowing the physical prop-

erties of the particles, it could be challenging to locate

the source of the particles or estimate the inhaled

dosages.

FMPS

For small spherical particles (ammonium sulphate),

Ntot and GMD values were identical for the FMPS and

the SMPS. However, again for more complex particles

differences become apparent. In the case of the smaller

TiO2 agglomerates (set-up A), the FMPS produced

smaller particle sizes, and higher and narrower

distributions compared to the SMPS. For the larger

agglomerates (set-up B) differences between the

SMPS and the FMPS results are even clearer. For

commercial nanopowder, the differences were similar

to those for the larger agglomerates. Overall the

number size distributions of TiO2 particles measured

with the FMPS have smaller average size, narrower
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distributions and higher total particle concentrations

than those measured with the SMPS.

The charging of the particles is a crucial phase in

the measuring process for these instruments. SMPS

uses radioactive bipolar charging while FMPS uses

unipolar charging by a corona wire. The operating

principles of these instruments assume certain charg-

ing efficiency (i.e. charge distribution) and use this

assumption to convert the measured values to the

particle distribution. As the agglomerates become

larger and looser (higher fractal dimension), the

charging efficiency of the unipolar charger differs

from the efficiency for spherical particles (Shin et al.

2010). However, the instruments cannot be calibrated

using all possible agglomerates; rather they have been

calibrated using spherical particles. The change in the

charge distribution causes a distortion on the measured

size distribution.

Moreover, the freshly generated particles have some

initial charge distribution and the neutralisation of the

initial charge depends on the chargers used in the

instruments. FMPS charges particles in two sections.

The role of the first charger is to overcome the initial

charge of the particles while the second charger

produces the final charge distribution. On the other

hand, the SMPS uses a single stage radioactive charger

whose charging efficiency depends on the activity

remaining in the radioactive source. If the particle

concentration is high and the charger is at the end of its

life the particles may not achieve the expected

symmetrical (and neutral) charge distribution. Hence,

in that case the data inversion cannot be done correctly.

For the TiO2 particles, the FMPS showed higher

number concentration values and smaller average

sizes than the SMPS. This is a similar trend to the one

seen by Asbach et al. (2009b) for diesel soot agglom-

erates. In other words, the FMPS has difficulties

measuring agglomerates with large fractal dimensions

correctly (here the SMPS has been assumed to

measure them correctly). It, however, has the advan-

tage of a superior time resolution compared to the

SMPS.

The usability of the FMPS is bipartite; it is easy and

simple to use but the fouling is much faster than with

any of the other instrument in this study. In addition,

the lack of adjusting options (e.g. aerosol flow or

sheath flow) available to the user is unfortunate. On

the other hand, if all FMPSs use identical set-ups then

the comparison of the results from different FMPSs is

trivial. The FMPS uses complicated calculations to

produce the particle distributions from the measured

currents and, unfortunately, the data inversion meth-

ods used have not been reported in detail.

ELPI

For the spherical ammonium sulphate particles, the

Ntot and GMD values of the ELPI SI and the ELPI ST

were in fairly good agreement with the reference

instrument when the bulk density of ammonium

sulphate was used in the data filtering. Again, as the

complexity of the particles increases so do the

differences between the instruments. When comparing

the results from an impactor to those from an electrical

classifier one must keep in mind that they measure

different properties of the particles. The key link

between them is the density of the particles which is

often an unknown function of the particle size for

agglomerated particles (such as TiO2). For this reason,

unit density (1 g/cm3) was used in the data filtering for

the TiO2 particles. Hence, the results of the ELPIs and

the SMPS cannot be quantitatively compared without

making significant assumptions about the properties of

the particles. Moreover, the charging mechanism of

the ELPI (corona wire) and the SMPS is different

which causes differences in the results for non-ideal

particles.

However, in this study three ELPIs with different

types of impaction plates were used which is an

interesting comparison by itself. The number size

distributions in Figs. 4 and 5 clearly indicate that for

the smaller agglomerates the results of the ELPIs are

quite similar whereas for the larger agglomerates more

differences are seen. In addition, with the TiO2

nanopowder (Fig. 6) there were some differences

between the ELPIs. Nonetheless, all of the impaction

plates provide reasonable estimates for the nanopar-

ticle concentration and the particle size. Furthermore,

the effects of particle bounce are not seen as clearly as

in the case of the ammonium sulphate particles.

Operating the ELPI is straightforward and rather

simple. The ELPI requires maintenance only rarely,

especially the sintered plates work properly even with

higher concentrations and longer sampling times. The

downsides of the ease of use of the ELPI is the

relatively high concentration limit of detection and the

large and noisy pump which can produce particles;

though in some monitoring applications, it is possible

J Nanopart Res (2012) 14:718 Page 11 of 16
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to use the ELPI with an external vacuum network to

avoid using the pump. The ELPI is not suitable for

clean room type of applications but, for more robust

situations, using ELPI for monitoring purposes can be

recommended.

SMPS

The reference instrument of this study, SMPS, is

clearly the most accurate instrument for measurement

of particle sizes. However, the SMPS suffers from a

low time resolution. In addition, it is relatively

complex to use which increases the possibility of

malfunctions. Therefore, the SMPS is more suitable

for high accuracy scientific applications than for

monitoring nanoparticle concentration of ambient

air. For monitoring applications at workplaces, simple

and robust version of SMPS is needed.

NSAM

The NSAM measures LDSAC for the alveolar or the

tracheobronchial region based on a measurement of

the current carried by diffusion charged particles. The

NSAM has been calibrated using sodium chloride

(NaCl) particles (TSI 2010; Asbach et al. 2009a). For

comparison, the corresponding surface area values

were calculated from the SMPS data using the same

deposition models. For simplicity, in the calculations

the particles were assumed to be spherical with a

smooth surface. Table 4 shows the lung deposition

surface area values for the AL and TB regions.
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The ammonium sulphate particles can be consid-

ered to be spherical (Fig. 1b). Therefore, the hypoth-

esis is that the LDSACs determined by the NSAM and

the SMPS should be nearly equal. The NSAM gave

slightly larger values than the SMPS (AL and TB

values 17 and 15% larger, respectively). The differ-

ences in the measured values are within the accuracy

limits (±20%) specified by the manufacturer of the

NSAM.

The LDSAC values for the small TiO2 agglomer-

ates (set-up A) determined with the NSAM and the

SMPS were nearly equal (like those for the spherical

ammonium sulphate particles). In contrast, larger

differences (17–38%) were found for the larger TiO2

agglomerates and the differences were even greater for

the nanopowder (90–248%). The results indicate that

compared to the SMPS the NSAM shows relatively

larger LDSAC for particles with more fractal structure

(i.e. relatively larger surface area compared to spher-

ical particles). Shin et al. (2010) showed that after

unipolar charging silver agglomerates had larger

average charge than silver spheres of same size. This

can partly explain the differences between LDSAC

values measured with the NSAM and the SMPS.

Furthermore, the difference in the TiO2 nanopowder

LDSAC values can also be explained by higher
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Fig. 6 Number size distributions for TiO2 particles, produced from commercial nanopowder using a fluidized bed generator, measured

with the SMPS, the FMPS and the ELPIs

Table 4 Lung deposition

surface areas measured with

the NSAM and calculated

from the SMPS data

(assuming spherical

particles) according to

Asbach et al. (2009a)

SD standard deviation

Case Alveolar lung deposition

surface area (lm2/cm3)

Tracheobronchial lung deposition

surface area (lm2/cm3)

NSAM SMPS NSAM SMPS

(NH4)2SO4 particles 6.63E?02 5.57E?02 1.57E?02 1.36E?02

SD 7.67E?01 3.56E?01 5.91 8.66

TiO2 agglomerates Set-up A 4.08E?03 3.68E?03 8.62E?02 8.90E?02

SD 9.11E?02 7.76E?02 1.97E?02 1.86E?02

TiO2 agglomerates Set-up B 1.45E?03 1.24E?03 3.95E?02 2.95E?02

SD 4.67E?02 2.50E?02 3.72E?01 5.78E?01

TiO2 agglomerates Set-up B 1.91E?03 1.38E?03 4.17E?02 3.30E?02

SD 6.36E?02 3.66E?02 4.37E?01 8.59E?01

TiO2 nanopowder 1.12E?02 4.59E?01 2.39E?01 1.08E?01

SD 9.87 4.30 \1.0E-01 9.76E-01
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concentration of larger particles compared to the other

cases. Asbach et al. (2009a) recommended that a pre-

separator with a cutoff aerodynamic diameter of

400 nm should be used prior to NSAM. In this study,

a standard pre-cyclone with 1 lm cutoff diameter was

used. Furthermore, the particles produced with the

fluidised bed generator can be highly charged which

may have an effect on LDSAC values measured with

the NSAM.

NSAM is developed for monitoring nanoparticle

concentrations in the ambient air. It is user friendly

and requires only moderate maintenance. However,

the instrument is quite heavy built to be used like a fire

alarm for nanoparticles. Furthermore, a suitable pre-

separator should be used prior to the instrument. There

is some scientific interest in using the NSAM for

characterising nanoparticles but the instrument is

better suited for monitoring purposes.

Conclusion

Nanoparticles come in numerous different sizes,

shapes and compositions. Therefore, it is extremely

challenging for the measurement instrument develop-

ers to design an instrument suitable for all nanopar-

ticles and a wide concentration range. Typically, the

instruments are calibrated using specific types of

reference particles (e.g. PSL, spherical salt particles,

oil) and, therefore, the response for real particles (e.g.

large agglomerates) might be significantly different.

Moreover, analysing the results from aerosol instru-

ments require knowledge of the nature of the aerosol

particles and the operation principles of the instru-

ments to interpret them correctly. For example, the

number concentration is not a conservative parameter

due to coagulation while mass concentration is

dominated by the largest particles.

In this study, a variety of typically used aerosol

measurement instruments were studied to evaluate their

suitability for nanoparticle monitoring. The responses of

the instruments to synthetic nanoparticles and their ease

of use were evaluated. Ammonium sulphate, TiO2

agglomerates (two sizes) and TiO2 nanopowder were

used as test particles. For the ammonium sulphate

particles (spherical nanoparticles), the FMPS and the

SMPS produced similar results. In addition, LDSAC

values determined using the NSAM and those calcu-

lated from the SMPS data were nearly equal.

For the TiO2 agglomerates and the nanopowder, the

FMPS reported higher number concentration (Ntot),

smaller average particle size (GMD) and narrower

distributions (GSD) than the SMPS. LDSAC values

measured with the NSAM were higher than those

obtained from the SMPS data. The number concen-

tration values given by the CPCs were fairly similar to

those measured with the SMPS. Also the ELPIs

reported roughly similar results for the ammonium

sulphate particles when the true density was used in

the data filtering. For the TiO2 particles, the compar-

ison was ambiguous due to the unknown density of the

particles. In addition, the type of the impaction plate

was observed to affect the results of the ELPIs,

probably due to particle bouncing.

The CPC is probably the most commonly used

aerosol instrument. The CPC reacts fast to changes in

the nanoparticle concentration and it can, typically,

measure extremely wide concentration ranges. None-

theless, without any additional information (e.g.

morphology of the particles), it would be impossible

to estimate the exposure to the particles. For monitor-

ing applications, CPC is at its best when it is used as a

kind of fire alarm for increased concentration of

nanoparticles.

The SMPS has a superior sizing resolution and its

concentration resolution is high enough for most

applications. It is, however, not ideally suited for

monitoring the workplace air as it is too complicated

to be used by a person not trained in aerosol

measurement techniques. The low time resolution

could also be a problem. Therefore, the SMPS is

recommended for use for more scientific applications,

and not for occupational hygiene monitoring of

nanoparticles. For instance, if a CPC has reported an

increased nanoparticle concentration, an SMPS can be

used to characterise those particles.

The FMPS produces a size distribution and a

particle number concentration value once per second

or, with a bit less noise, once every 10 s. The size

resolution of the FMPS is sufficient for most moni-

toring applications. In some industrial sites, the

ambient air might be contaminated from time to time

by, for instance, a large amount of dust, causing fast

fouling of the FMPS. In addition, the sensitivity of the

FMPS is not suitable for clean room level monitoring

but for most other situations it is not a problem.

The ELPI can measure the widest size range and it

supplies results with one second time resolution.
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The concentration sensitivity of the ELPI is suitable

for most cases but there is a noticeable concentration

threshold to overcome. The ELPI is the only instru-

ment which requires an external, heavy-duty, vacuum

pump. All in all, the ELPI is well suited for monitoring

purposes if there is no need to detect low

concentrations.

The NSAM is the only instrument in this study

which is designed to be used for monitoring human

exposure to nanoparticles. Using an NSAM is almost

as simple as using a CPC but with a lot higher

information content produced. If NSAM is exposed to

large particles ([400 nm) the results may be difficult

to interpreted. However, using a pre-cyclone (or

impactor) with low enough size cutoff could overcome

this issue. To make an ideal nanoparticle monitor, the

NSAM should be smaller in size and simpler in

construction; this might also bring down the price of

the manufacturing.

Differences were observed in the results produced

by the different instruments used in this study.

However, they were mostly at an acceptable level

and can mostly be explained by the properties of the

particles. The usability of the instruments varied

greatly depending on the nature of the instrument.

Most of the instruments have not even been designed

to be used in monitoring applications by persons

without expertise in aerosol technology. All of the

instruments are suitable for monitoring applications, if

the features mentioned above are taken into account.

According to this study, the most suitable instrument

for monitoring nanoparticle concentration in the

ambient air could be one that would employ diffusion

charging of the particles, followed by a measurement

of the current carried by them, to produce a measure of

the concentration of the particle surface area. NSAM

is an example of this technique in practice.
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� Biomass combustion conditions affect quality and quantity of particle emissions.
� PM1 or CO emissions may not be the best indicators for quality of combustion.
� Even PM1 from optimal biomass combustion might cause health effects.
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a b s t r a c t

A biomass combustion reactor with a moving grate was utilised as a model system to produce three
different combustion conditions corresponding to efficient, intermediate, and smouldering combustion.
The efficient conditions (based on a CO level of approximately 7 mg MJ�1) corresponded to a modern
pellet boiler. The intermediate conditions (CO level of approximately 300 mg MJ�1) corresponded to non-
optimal settings in a continuously fired biomass combustion appliance. The smouldering conditions (CO
level of approximately 2200 mg MJ�1) approached a batch combustion situation. The gaseous and par-
ticle emissions were characterised under each condition. Moreover, the ability of fine particles to cause
cell death was determined using the particle emissions samples.

The physico-chemical properties of the emitted particles and their toxicity were considerably different
between the studied combustion conditions. In the efficient combustion, the emitted particles were
small in size and large in number. The PM1 emission was low, and it was composed of ash species. In the
intermediate and smouldering combustion, the PM1 emissionwas higher, and the particles were larger in
size and smaller in number. In both of these conditions, there were high-emission peaks that produced a
significant fraction of the emissions. The PAH emissions were the lowest in the efficient combustion. The
smouldering combustion conditions produced the largest PAH emissions.

In efficient combustion conditions, the emitted fine particles had the highest potential to cause cell
death. This finding was most likely observed because these fine particles were mainly composed of
inorganic ash species, and their relative contents of Zn were high. Thus, even the PM1 from optimal
biomass combustion might cause health effects, but in these conditions, the particle emissions per en-
ergy unit produced were considerably lower.

� 2013 Elsevier Ltd. All rights reserved.
x: þ358 17 163098.

All rights reserved.
1. Introduction

Fine particle emissions from small-scale biomass combustion
have been reported to have adverse health effects (Naeher et al.,
2007). Fine particles can cause respiratory and heart diseases or
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even premature death (Pope et al., 2002; Kappos et al., 2004). The
particle concentrations (PM2.5) from residential wood combustion
in the surrounding air can be at the same level or even higher than
the level of particle concentrations near a busy street (Glasius et al.,
2006). Typically, combustion processes in district-scale power
plants are efficient, and they are often equipped with particle
removal techniques. Therefore, their particle emissions are minor.
Conversely, household combustion appliances do not have such
particle removal systems; thus, their particle emissions can be high.
Moreover, these appliances have limited possibilities to control the
combustion conditions. Hence, the combustion process tends to be
incomplete (Tissari et al., 2008). It has been estimated that 25%
(7.6 Gg a�1) of all primary fine particle emissions in Finland were
from domestic wood combustion in the year 2000 (Karvosenoja
et al., 2008).

Fine particles have dualistic (warming or cooling) effects on
global climate (ICPP, 2007). The climate impact of particles depends
on not only their physical properties but chemical composition as
well. The warming effect is due to the absorption of sunlight by the
fine particles (e.g., soot) either directly in the air or on the surface of
snow or ice. The cooling effect of particles is due to scattering of the
sunlight, or particles may act as nuclei for cloud droplets. Currently,
the effect of fine particles on climate is not known in detail. How-
ever, according to IPCC report, the total effect of biomass-emitted
particles on the climate warming has been estimated to be
slightly negative.

The quality and quantity of fine particle emissions from com-
bustion are dependent on the combustion conditions and fuel
properties (Reid et al., 2005; Johansson et al., 2004). The com-
bustion conditions depend on several factors, such as the type of
the combustion appliance, the quality of the fuel, and the oper-
ational practices. Carbon monoxide and PM1 (particles with a
diameter �1 mm) emissions vary largely between different con-
ditions, and they can be used as a measure to illustrate the quality
of combustion conditions. In efficient combustion, such as in a
modern pellet boiler, the PM1 and CO emissions have been re-
ported to be as low as 6 mg MJ�1 and 47 mg MJ�1, respectively
(Jalava et al., 2012). Sippula et al. (2009) reported that the PM1
and CO emissions from efficient pellet combustion varied be-
tween 11e27 mg MJ�1 and 37e242 mg MJ�1 respectively,
depending on the material of the pellets. Orasche et al. (2012)
reported PM and CO emissions to be 14 and 17 mg MJ�1 for pel-
let boiler. In gasification combustion, however, the emission fac-
tors can be as low as 2.4 mg MJ�1 of PM1 and 6.1 mg MJ�1 of CO
(Nuutinen et al., 2011), while batch combustion in a sauna stove is
an extreme example of incomplete batch combustion. Sauna stove
can produce emissions as high as 4400 mg MJ�1 of CO and
257 mg MJ�1 of PM1 (Lamberg et al., 2011a). Pettersson et al.
(2011) reported the emissions from a natural draft wood stove,
typical in Scandinavia, to be on average 110 and 140 mg MJ�1 PM
and 2400 and 3600 mg MJ�1 of CO, respectively, depending on the
combustion conditions. Jalava et al. (2012) reported 28 mg MJ�1 of
PM1 and 1010 mg MJ�1 of CO for a tiled stove using new tech-
nology. The combustion conditions may have greater effect on
particle PAH emissions than on PM1 emissions (Johansson et al.,
2004; Lamberg et al., 2011a; Orasche et al., 2013). Moreover, the
PAH emissions may be better indicator than PM emissions for the
harmfulness of the combustion emissions.

In small scale wood combustion emission experiments the
surrounding conditions must be stable and well known. However,
during field study it is often impossible to control these conditions.
Thus, laboratory studies can provide required stability of the
experimental conditions. It is important, however, that the condi-
tions in the laboratory are relevant to real life emission case under
consideration.
Studying the properties of fine particle emissions of small-scale
biomass combustion and their effects on human health are rather
complicated. In our earlier studies, we compared different real
world combustion appliances (e.g., Lamberg et al., 2011a, 2011b;
Kaivosoja et al., 2013), but the differences in the emission proper-
ties of various combustion systems are the results of several fuel
and combustion appliance-specific factors. In addition, in batch
combustion, the conditions typically vary significantly. Therefore,
in this study, a novel and adjustable biomass combustion reactor
was used as a model system to produce three different combustion
conditions. In this way, the experiments could be carried out with
the same fuel and the same combustion system geometry, while
the combustion condition’s efficiency was adjusted to represent
different real-world appliances. These conditions were the
following: i) Efficient combustion, which corresponded to contin-
uous optimal biomass combustion; ii) Intermediate combustion,
which corresponded to non-optimal settings in a continuously fired
biomass combustion appliance, such as a partial load or improper
air-staging settings; iii) Smouldering combustion, the conditions of
which were adjusted to approach batch combustion conditions.
The physical and chemical properties of the particle and gaseous
emissions from each of these conditions were characterised.
Moreover, the toxicological responses of the emitted fine particles
were studied.

2. Methods

2.1. Biomass combustion reactor

A novel modular combustion unit was used in this study, which
included a logic-controlled fuel feeding system, a solid-fuel moving
step-grate burner (Ariterm Multijet, 40 kW), a tailored ceramic-
insulated combustion chamber, a boiler, a stack with a flue gas
blower, and a cooling circuit (Fig. 1). The fuel feeding system, the
burner and the heat exchanger were commercial products and rest
of the reactor modules were self made. The reactor can be used to
simulate different combustion conditions by changing fuel rates, air
flow rates and air staging settings.

The ceramic-insulated chamber of the combustion unit had a
quadratic cross-section of 0.15 m2 and a height of 0.8 m. There were
two glass screens on the side walls of the chamber, which were
used to visually monitor the combustion conditions.

The operation of the reactor was automatically controlled,
which allowed flexible adjustment of the combustion conditions.
The reactor was equipped with a moving step grate burner with 8
primary air inlets in the grate and 16 inlets of secondary air on the
burner side walls. The air flows were measured with air flow
sensors (Schmidt). The movement removed ash from the grate to
the container below the grate and prevented blocking of the air
inlets.

The flue gas from the combustion chamber passed through a
horizontal ceramic pipe, and it was guided to the boiler and the
heat exchanger. The temperature of the cooling water of the heat
exchanger was typically 50e75 �C.

2.2. Combustion conditions

In the efficient combustion, the primary and secondary air
(Table 1 and Fig. 1) were optimally adjusted for the used fuel rate
to produce complete combustion conditions. The CO emission was
in good agreement with other studies of modern continuous
combustion situations (e.g., Lamberg et al., 2011a; Orasche et al.,
2012).

The intermediate combustion conditions were produced by
applying only primary air and using a lower fuel feeding rate. The



Fig. 1. Schematic image of the combustion reactor. Qp refers to primary air flow, Qs refers to secondary air, and T refers to the temperature in different locations.
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intermediate conditions corresponded to a combustion situation
with poor mixing of the combustion air with gasified fuel in the
combustion chamber. This can be a result of improper settings, a
malfunction or a partial load in a continuously fired combustion
appliance (Johansson et al., 2004; Lamberg et al., 2011b).

The smouldering combustion conditions were produced by
further restricting the rate of primary air, blocking the secondary air
and using a higher fuel feeding rate (Table 1). The conditions in the
smouldering combustion, according to the measured CO and
organic gaseous carbon (OGC) emissions, were similar to the con-
ditions of typical batch combustion (Lamberg et al., 2011a). How-
ever, in contrast to batch combustion, the combustion process in
our systemwas continuous and included all the combustion phases
(ignition of fuel, pyrolysis and char combustion) at the same time.
2.3. Fuel

The fuel used was wood chips including both bark and stem
wood material from spruce and typical Finnish broadleaved trees.
The chip size was approximately 30 � 30 mm with wide variation
and a thickness of a few millimetres. The average moisture content
was 24.3%. Table S1 in the Supplemental Information shows the
properties of the fuel.
2.4. Gas analyses

The gaseous emissions were measured online. The samples for
the gas analysers were taken directly from the stack using heated
(180 �C) sample lines (Fig. 2) and purified from particles with filters.
The gas composition of the flue gas was measured continuously
with a gas analyser as follows. An analysing rack (ABB, Cemas Gas
Analysing Rack) was used for oxygen. Organic gaseous carbon
(OGC) was analysed with a flame ionisation detector (ABB Multi-
FID 14) that was calibrated against propane. In addition, 40
relevant calibrated compounds (e.g., CO, NOx, CO2, H2O, hydrocar-
bons) were measured by a Fourier Transform Infrared analyser
(FTIR, Gasmet).
2.5. Aerosol dilution

Particle sample flows for all particle measurement instruments
(except for Dekati Gravimetric Impactor, DGI) were led using a
heated probe and sampling line (T ¼ 150 �C, part of FPS Dekati
system), which included an approximately 10-mm pre-cyclone to
remove coarse particles. Subsequently, the sample flowwas diluted
using three separate diluters in series to lower the particle con-
centration to a measurable level and to produce a sufficient sample
flow rate for the measurement instruments (Fig. 2). The dry and
particle free air at ambient temperature was used for dilution. At
the first stage, the sample was diluted using a porous tube diluter
(PRD, Lyyränen et al., 2004). The second and the third diluters were
ejector diluters (ED, Koch et al., 1988; Lyyränen et al., 2004).
Impactor and filter samples were taken after the first ED, and on-
line aerosol instruments took samples after the second ED. The
samples for the DGI were taken using a separate dilution system
consisting of a porous tube diluter (Ruusunen et al., 2011). The
dilution ratios (DR) in all sample locations were determined in real
time using carbon dioxide as a trace gas according to the following
equation (Tissari et al., 2007), DR¼ (CO2,FGeCO2,BG)/(CO2,DeCO2,BG),
where CO2,FG (FTRI, Gasmet), CO2,D (Vaisala Carbocap; ABB AO2040
Uras 14; Sensorex) and CO2,BG are the CO2 concentrations in the flue
gas, the sample air and the dilution air, respectively.
2.6. Particle measurement methods

The online aerosol instruments were used (nearly) throughout
the duration of the experiment days. The filter and impactor sam-
ples were collected in sufficient periods.



Table 1
Average values and ranges of operation parameters of the reactor (rate of fuel, air flows, dilution ratios (DR)). The fuel was periodically added to the burner, and therefore height
of the bed had to be controlled by adjusting proper fuel rate.

Combustion
conditions

Primary air flow (lpm) Secondary
air flow (lpm)

Fuel rate (kg h�1) O2 (%)a DR DGI-samples DR filter-samples DR online-instruments

Efficient 210e350 410e460 7 12 � 1.5 16e75 22e32 500e875
Intermediate 250e390 e 5 12 � 1 18e40 20e32 500e1000
Smouldering 160e260 e 7e8 10 � 1 24e84 30e70 540e2000

a Average � standard deviation.
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2.6.1. Number concentration and size distribution
The fine particle number concentrations (Ntot) were measured

with a Condensation Particle Counter (CPC 3775, TSI). The number
size distributions and average particle sizes (Geometric Mean
Diameter, GMD) in aerodynamic size were measured with an
Electrical Low Pressure Impactor (ELPI, Dekati) with sintered
collection plates and a filter stage.

2.6.2. Mass concentration and mass size distribution
The samples for PM1 were collected on 47-mm quartz (Pall

Corporation, Tissuequartz 2500QAT-UP) and Teflon (PTFE, Pall
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(Gelman sciences 2200) (Turpin et al., 2000) both having 10 lpm
sampling rate. In addition, a separate PM1 sample was collected on
a single Teflon filter with 10 lpm sampling rate. A cut-off size of
1 mm impactors (Dekati) were used to remove coarse particles
before the filter holders (Fig. 2). The collection times varied from
approximately two hours in the efficient conditions to approxi-
mately 20 min in the smouldering conditions.
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polycarbonate (PC) substrates (Ø 25 mm), and the DGI samples
were collected on polytetrafluoroethylene (PTFE) substrates. The
sampling method for DGI is described in detail in Ruusunen
et al. (2011). Several DGI samples (two lowest stages and bot-
tom filter; Dae < 1 mm) from different experiment days were
combined into one sample per combustion condition to provide
enough particulate mass for the toxicological and chemical
analyses.

Transmission electron microscopy (TEM, JEM 2100F, JEOL Ltd)
was used for analysis of the single-particle morphology. The
samples for TEM were collected on a holey carbon copper grid
(Agar Scientific Inc., S147-400 Holey Carbon Film 400 Mesh Cu)
with an aspiration sampler (Lyyränen et al., 2009) from the sample
flow after the second ejector diluter. The TEM was operated at
200 kV.

In addition, the elemental composition of the individual parti-
cles was analysed using Energy Dispersive X-ray Spectrometry
(EDS, NS7 Thermo Scientific), coupled with the TEM. The scanning
operation mode of the TEM (STEM) with a spot size of 1.0 nm was
used. The total amount of the individual particles analysedwas 60e
120 for each setup. The fractions of the most abundant elements, K,
S, O, C, Cl, Si and Zn, of all the detected elements were averaged for
each setup.

For determination of the particle physical size distributions,
with a projection area of 111e132 particles, were calculated from
the TEM micrographs using an image analysis process with ImageJ
(National Institute of Health, USA).

2.6.3. Particle chemical composition
The organic and elemental carbon fractions (OC/EC) of the PM1

samples were analysed from the quartz filters with a thermal op-
tical method using a carbon analyser manufactured by Sunset
Laboratories. The analyses were performed according to the NIOSH
method 5040 (NIOSH, 1999). The sample collection system is
described in more detail in Tissari et al. (2007).

Analysis of elements and ions (10 species) in the fine particles
were carried out using ICP-MS (Inductively Coupled Plasma Mass
Spectrometer, Agilent 7700) and IC (ion chromatography, Metrohm
Compact 882 ICplus), respectively. The analyses were performed
using DGI samples after methanol extraction. The samples for
element analysis were eluted with HFeHNO3, and the samples for
ion analysis were eluted with de-ionised water.

In total, 30 PAH compounds (Table S2) were analysed from the
combined DGI samples (PM1) using a gas-chromatograph mass
spectrometer (6890N GC, equipped with a 5973 inert Mass Se-
lective Detector, Agilent Technologies) and a HP-17-MS column
for the separation of the compounds. In the analysis, selected ion
monitoring (SIM) mode was used. Particle samples were spiked
with an internal surrogate standard of deuterated PAHs (Z-014J,
AccuStandard Inc.) and extracted with dichloromethane using an
ultrasonic bath. Solid-phase extraction (activated alumina-B
columns) was used as a clean-up step before injection of the
sample into the GCeMS system. An external standard mixture
composed of the 30 PAH compounds and the internal standard
was used for identification and quantification of the PAH com-
pounds in the particle samples. The quantification limit was
0.1 ng mg�1.

The sums of all the detected PAH compounds and that of the
known genotoxic PAH compounds were calculated. Special atten-
tion was paid to those PAH compounds that is recommended to be
measured from the outdoor air PM10 in Europe (EU-PAH, Directive
2004/107/EC). The sum of the known genotoxic PAH compounds in
the particulate samples was calculated on the basis of the Inter-
national Programme on Chemical Safety (IPCS) from the World
Health Organization criteria (WHO, 1998).
2.6.4. Toxicological analyses
2.6.4.1. PM sample preparation. The emission particles were pre-
pared according to a previously validated procedure (Tapanainen
et al., 2011). Briefly, before particle sampling, the sampling sub-
strates were washed twice with HPLC-grade methanol (99.9%,
Mallinckrodt Baker B.V. Inc., Phillipsburg, NJ, USA) and dried (50 �C)
prior to the weighing. The weighing before and after the sampling
was performed with an analytical balance (Mettler Toledo XP
105DR, Mettler-Toledo Inc., Columbus, OH, USA) equipped with a
built-in electrostatic charge remover. Control weights and control
filters wereweighed in each experiment to control the effects of the
surrounding temperature, pressure and humidity.

The filters containing the collected particulate material or a
blank were cut into pieces and placed into a 50-ml glass tube that
was filled with HPLC-grade methanol. The tubes were placed in an
ultrasonic water bath (FinnSonic m20, FinnSonic Ltd., Lahti
Finland), extracted for 30 min below 35 �C, and thereafter the
procedurewas repeated. The extracts were pooled together to form
a PM1 sample of each wood burning situation, and the additional
methanol was evaporated using a rotary evaporator at 35 �C and
150 mbar (Heidolph Instruments GmbH & Co. KG, Schwabach,
Germany) with a cooling system (LaudaWK500). Finally, aliquots of
the concentrated suspension, calculated on amass basis, were dried
in glass tubes under nitrogen (99.5%) flow and stored at�20 �C. The
extraction efficiencies calculated from randomly selected filters
were 86.3%with a standard error of themean (SEM) equal to 6.0% of
the mass for efficient combustion, 90.5% with the SEM equal to 7.5%
for intermediate combustion, and finally 91.7% with SEM equal to
7.1% for the smouldering combustion particulate sample.

2.6.4.2. Study design of toxicological analyses. Mouse RAW264.7
macrophages (ATCC, Rockville, MD, USA)were cultured at 37 �C in a
humidified atmosphere of 5% CO2 in RPMI 1640 medium supple-
mented with 10% heat-inactivated foetal bovine serum (FBS), 2 mM
L-glutamine and 100 U ml�1 penicillinestreptomycin (Gibco,
Paisley, UK). The cell suspension at a concentration of
5 � 105 cells ml�1 was dispensed into 6-well plates (2 ml/well,
Corning Inc., New York, USA), and the cells were allowed to stabilise
for 24 h. Fresh culture mediumwas changed 1 h before exposure of
the cells to the emission particles.

The exposure of the cells was performed in duplicate in three
independent experiments, which included the blank substrate,
water and DMSO (0.3% v/v at a dose of 150 mg ml�1) as a control.
After the 24-h exposure, the macrophages were scraped from the
wells and suspended in culture medium.

2.6.4.3. Propidium iodide exclusion method. The total amount of
propidium iodide (PI)-positive cells with a lowered cell membrane
potential was detected by flow cytometry. The cell suspension was
centrifuged (5 min at 8000 g) to separate the cells from the culture
medium and washed twice with 1 ml of phosphate-buffered saline
(PBS). Then, the cells were resuspended in 0.5 ml of PBS, and PI (f.c.
1 g ml�1, Sigma Aldrich Corp.) was added. The samples were
incubated for 15 min at room temperature in the dark before the
flow cytometric analysis. A total of 10,000 cells per sample were
analysed with Summit software version 4.3.

3. Results and discussion

3.1. Combustion conditions

The reactor was pre-heated for several hours to stabilise the
grate temperature. The inner wall surface temperatures in the
upper part of the combustion chamber at the beginning of the
experiments were approximately 1000 �C, 850 �C and 800 �C,
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respectively, in the efficient, intermediate and smouldering con-
ditions. However, the temperature rose during each day of the
experiment by approximately 100 �C. The lower corresponding
temperatures in the intermediate and in the smouldering condi-
tions were due to the lower load of the reactor.

There was some leakage of air (approximately 10% of the total
combustion air) through the fuel feeding screw of the combustion
reactor, which is also typical in commercial continuously fired
biomass combustion systems. The reactor was used for several
measurement days in each of the studied conditions to produce
enough particle mass for the desired particle analyses and to
improve the reliability of the results.

Variations in the temperatures, flue gas excess oxygen concen-
trations and gaseous emission concentrations were related to cyclic
fuel feeding andmovements of the grate in a complex way. The fuel
was fed at a rate of a few times per minute. A much stronger in-
fluence was caused by the movement of the grate elements
approximately every 20 min. This event can be seen in the sup-
plementary video (Video S1, http://dx.doi.org/10.1016/j.atmosenv.
2013.12.012). Due to this movement, the fuel bed moved and
sometimes “collapsed”. Furthermore, according to the combustion
air flow measurement, the primary air flow rate increased, most
likely due the removal of material that partially blocked the pri-
mary air inlets. These incidents were likely to increase the gasifi-
cation rate of the fuel, which, under the poor mixing conditions,
adjusted in the intermediate and smouldering conditions and
resulted in less complete oxidation and increased emissions. Thus,
directly after the grate element movements, a higher temperature,
Fig. 3. Short time trend lines from the efficient, interm
lower air-to-fuel ratio and higher CO emissions were observed
(Fig. 3).

3.2. Gaseous emissions

The gaseous emissions were mainly affected by the variations
related to the cyclic operation of the burner, producing sharp high-
emission peaks. The long-term behaviour of the most essential
gaseous emission components was not significant. The baselines of
the gaseous emission were at least one order of magnitude lower
than during the emission peaks. For instance, carbon monoxide
emissions were a few mg m�3 at the baseline and tens of mg m�3

during the peaks in the efficient condition. In the intermediate
condition, the corresponding emissions levels were a few hundred
and a few thousand mg m�3, whereas in the smouldering condi-
tion, the difference between the carbon monoxide peaks and the
baseline was tenfold higher compared to the other two conditions.
It should be noted that there were variations in these relationships.

The emissions of the OGC and methane (CH4) had a similar
behaviour to the CO emissions. In the efficient conditions, the OGC
and CH4 concentrations were negligible (4e10 mg m�3 of OGC and
below 0.2e0.7 mg m�3 of CH4). In the intermediate and the
smouldering conditions, these concentrations were higher. The
OGC concentrations during the high-emission peaks were 7e
1400 mg m�3 under the intermediate conditions and 200e
8000 mg m�3 under the smouldering conditions. The CH4 con-
centrations during the peaks were 4e1000 mg m�3 under the in-
termediate conditions and 150e1500 mg m�3 under the
ediate and smouldering combustion conditions.

http://dx.doi.org/10.1016/j.atmosenv.2013.12.012
http://dx.doi.org/10.1016/j.atmosenv.2013.12.012
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smouldering conditions. However, during the stable phases of the
combustion cycles, both of these emissions were in the range of the
efficient combustion conditions. This emphasises the fact that the
combustion processes were cyclic, consisting of different combus-
tion conditions depending on the phase of the grate, fuel feeding,
air staging and mixing (as stated above). Moreover, the large vari-
ations in the peak heights show that the conditions during the
combustion process differed from high-emission peak to peak.

3.3. Number concentration and number size distribution

The variation cycles in the fine particle number emission (Ntot)
and in the average particle size (geometric mean diameter, GMD) of
the emitted fine particles had similar trends with the variations of
the gaseous emissions as stated above. During the high-emission
peaks, the particle number emission increased and the average
particle size rose (Fig. S1). Then, after the peak the values of these
parameters returned approximately to their previous levels. The
long-term averaged values of fine particle number emission are
presented in Table 2. The efficient combustion produced the highest
fine particle number emissions and the smallest particle size
(average typically 50e75 nm) with the smallest temporal varia-
tions. The fine particle number emissions were slightly higher than
those reported previously by Lamberg et al. (2011a). However, the
GMD values were similar to those previously reported values. The
number concentration in the intermediate conditions was in a
same range as that reported by Boman et al. (2011) for pellet stoves,
however there were large temporal variations (approx. 2 � 1013e
1 � 1014 MJ�1). Meanwhile, the GMD was typically approximately
120 nm and rose during the emission peaks to approximately
200 nm, which corresponds to the GMD value from a masonry
Table 2
Results from the studied combustion conditions. Values are in form of
average � standard deviation (when valid).

Efficient Intermediate Smouldering

O2 (%) 11.7 � 1.5 12.0 � 1.1 9.8 � 0.9
CO2 (%) 8.4 � 1.0 8.9 � 3.6 11.1 � 0.9
CO (mg MJ�1) 7 � 37 300 � 600 2200 � 2900
OGC (mgC MJ�1) 3.6 � 1.4 7.1 � 25.2 276.1 � 414.8
CH4 (mg MJ�1) 0.3 � 0.3 4.3 � 21.7 114.7 � 180.2
Ntot (MJ�1) 14 � 3.8 � 1013 5.6 � 2.3 � 1013 2.5 � 0.9 � 1013

Ntot (cm�3) 25 � 4.0 � 107 11 � 4.7 � 107 5.1 � 1.9 � 107

PM1 (mg MJ�1)* 10 � 2 60 � 50 160 � 40
PM1 Filter (mg MJ�1)** 2e5 60e200 60e230
Total PAH (mg MJ�1)* 4 140 4700
Genotoxic

PAH (mg MJ�1)*
3 40 2600

EU PAH (mg MJ�1)* 1 7 1400
OC (mg MJ�1) 0.2 41.2 49.1
EC (mg MJ�1) 0.06 49.6 120.5
Ash (mg MJ�1)* 7.4 7.3 6.7
As (mg MJ�1)* 0.25 � 10�3 bdl bdl
Ca (mg MJ�1)* 0.11 bdl 0.72
Cd (mg MJ�1)* 1.3 � 10�3 1.5 � 10�3 1.8 � 10�3

Cl (mg MJ�1)* 1.5 1.7 0.87
Cr (mg MJ�1)* 57 � 10�3 5.3 � 10�3 6.9 � 10�3

Cu (mg MJ�1)* 7.2 � 10�3 8.7 � 10�3 7.8 � 10�3

Fe (mg MJ�1)* 5.9 � 10�3 0.27 bdl
K (mg MJ�1)* 2.8 4.0 2.4
Na (mg MJ�1)* 0.17 0.21 1.5
Ni (mg MJ�1)* 0.72 � 10�3 bdl bdl
NO3 (mg MJ�1)* 25 � 10�3 71 � 10�3 bdl
Mn (mg MJ�1)* 12 � 10�3 5.9 � 10�3 18 � 10�3

Pb (mg MJ�1)* 32 � 10�3 8.0 � 10�3 5.7 � 10�3

PO4 (mg MJ�1)* 38 � 10�3 bdl bdl
SO4 (mg MJ�1)* 2.1 0.37 0.51
V (mg MJ�1)* 0.44 � 10�3 2.4 � 10�3 bdl
Zn (mg MJ�1)* 0.55 0.60 0.60

*From DGI-samples, **Individual PM1 samples, bdl refers to below detection limit.
heater (Lamberg et al., 2011a). However, some variations in the
emission levels during these stabile phases were observed. In the
smouldering conditions, the fine particle number emissions were
the lowest, and the temporal variations were in the same range as
in the intermediate conditions. However, much larger variations in
the GMD values (20e180 nm) were observed in the smouldering
conditions than in the intermediate conditions.

The size distributions during on-going high-emission peaks and
stable phases are plotted in Fig. 4. Under the efficient conditions,
the variations in the fine particle number size distributions were
negligible due to stable combustions process, therefore only one
distribution is plotted for the efficient condition. The combustion in
the intermediate and in the smouldering conditions was rather
efficient between the high-emission peaks. The largest differences
in the height of the distributions occurred during the high-
emission peaks. Moreover, this figure suggests that a large frac-
tion of the particle number emissions occurred during these high-
emission peaks.

3.4. Mass concentration and mass size distribution

The fine particle mass emissions varied significantly depending
on the combustion conditions and measurement method.
Depending on the sampling duration and timing (in relation to the
high-emission peaks), the samples may have covered a different
number of high-emission peaks. A large fraction of the fine particle
mass emissions was produced during these peaks. The PM1 emis-
sionmeasured with the DGI (Table 2) was the lowest in the efficient
B

C

Fig. 4. Examples of the particle number size distributions from different phases of
combustion under efficient conditions (A), intermediate conditions (B) and smoul-
dering conditions (C) measured with the ELPI. All horizontal axes are in dN/dlog(Dp)
(cm�3, red. 13% O2).
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conditions, and it was significantly higher in the two other condi-
tions. On average, the highest PM1 emissions were measured from
the smouldering conditions.

Fig. 5 shows the mass size distribution of the emissions from
each of the studied combustion conditions measured with the DLPI.
These distributions illustrate the difference between the condi-
tions. The efficient conditions produced the smallest mass emis-
sions and the smallest particles in size, whereas in the smouldering
conditions, the particles were the largest and the mass emission
was the highest.

The PM1 values determined by the filter collection method
contained similar variations. In the efficient combustion, the mass
emissions were very low. The fine particle mass emissions in the
efficient conditions were composed of almost entirely ash species
(Table 2). The low emission values were most likely due to the
relatively low temperature on the grate, which decreased the ash
release onto the fine particle phase. However, after several hours of
experiments, the temperature of the reactor unit rose and the ash
release increased, producing higher mass emissions. The mass
emissions from the efficient conditions were in good agreement
with previous studies of emissions from efficient biomass com-
bustion (Lamberg et al., 2011a; Orasche et al., 2012). In the inter-
mediate and smouldering conditions, the differences between the
repetitions of the mass emission measurements were higher due to
temporal variations in the combustion conditions. Nonetheless, the
fine particle mass emission values were similar to those reported
previously from batch combustionwith sauna stove (Lamberg et al.,
2011a) or with other appliances using old technology (Pettersson
et al., 2011; Jalava et al., 2012).

3.5. Chemical composition and particle morphology

The carbon analyses of the samples showed the effects of
combustion conditions on the chemical composition of the emis-
sions (Table 2). The PM1 from the efficient combustion conditions
consisted almost entirely of ash-related material. Orasche et al.
(2012) reported similar emissions from a high-efficiency pellet
boiler. The PM1 from the intermediate conditions consisted mainly
of OC and EC in almost equal fractions. However, the emissions of
OC and ECwere higher compared with a study where a pellet boiler
was used non-optimally (Lamberg et al., 2011b). In the smouldering
conditions, the PM1 contained more EC than OC. The EC emissions
from the smouldering conditions were similar to emissions from
batch combustion in a light metal stove (sauna stove), previously
measured by Lamberg et al. (2011a). However, the OC emissions
Fig. 5. Averaged mass size distributions from the efficient, intermediate, and smoul-
dering combustion conditions measured with the DLPI.
were lower in the smouldering conditions than in the stove. This is
most likely due to the relatively long residence time of flue gas in
the combustion reactor, leading to higher burnout of organics than
in the conventional batch combustion appliances.

Emission of the ash was almost equal in all studied conditions
(Table 2). However, the composition of the ash emission was
different with different combustion conditions. The main compo-
nents of the ash emission were potassium sulphate and chloride
with almost equal concentrations. However, the fraction of sul-
phate was higher in the efficient conditions than in the other two
conditions, indicating that the sulphation efficiency of released
alkali metals was decreased due to the lower air-to-fuel ratios in the
intermediate and smouldering conditions. Zinc was clearly the
most abundant metal, and its emission factor varied between 0.55
and 0.6 mg MJ�1 (Table 2). However, the relative fraction of zinc in
the PM1 was higher in the efficient conditions. This feature partly
explains the toxicological results (see Section 3.6).

The total analysed PAH emission (Table 2) from the smouldering
conditions was over 1000 times higher than from the efficient
combustion, showing that there are larger variations between PAH
emissions than, between PM emissions from different combustion
conditions. This is in agreement with earlier comparative studies
between different wood combustion appliances (Johansson et al.,
2004; Orasche et al., 2013).

The analysed PAHs accounted for 3% of the PM1 mass in the
smouldering combustion, which is similar to a conventional ma-
sonry heater (Lamberg et al., 2011a). In the intermediate combus-
tion conditions, the fraction of PAH (0.2%) was similar to improved
batch combustion (Lamberg et al., 2011a). However, in the efficient
combustion conditions, the fraction was higher (0.04%) than in
efficient pellet combustion in previous studies (Lamberg et al.,
2011a). The proportion of genotoxic PAHs from total analysed
PAHs was 64%, 27% and 76% in the efficient, intermediate, and
smouldering conditions, respectively. In the intermediate condi-
tions, one third of the emissions were 2-ringed compounds, such as
acenaphtylene and fluorine, whereas in the efficient and the
smouldering conditions, the share of these compounds was below
2%. The 2-ringed compounds included in the present analysis are all
considered non-genotoxic. Even 30% of the PAHs from the smoul-
dering conditions were 5- and 6-ringed, while their share in the
intermediate and efficient conditions was below 5%. This increase
in PAH compounds in the smouldering conditions is interesting, as
the larger compounds are generally considered to bemore harmful,
and they are all listed as genotoxic, including benzo[a]pyrene. The
high portion of genotoxic compounds in the efficient conditions
was due to the large amounts of fluoranthene, benzo[a,h]anthra-
cene, and triphenylene.

The particles from the smouldering conditions (Fig. 6) were
almost completely large agglomerates of soot (elementary carbon)
and organic carbon. Small ash particles were found to be externally
mixed with soot. The particles collected from the intermediate
conditions (Fig. 7) had a larger variance in morphologies than from
the smouldering conditions. Soot agglomerates were observed in
large amounts as well, but a significant fraction of all of the particles
were ash or composite particles of ash and organic carbon, deter-
mined with the EDS. On the contrary, particles from the efficient
conditions (Fig. 8) were found to be composed solely of ash. The
geometric mean diameters (with the geometric standard devia-
tion), determined using image analysis, were 35 (2.1), 90 (1.7), and
230 (1.8) nm for the efficient, intermediate, and smouldering
combustion origin particles, respectively.

3.5.1. Toxicological results
The studied samples from all three combustion conditions

induced a dose-dependent and statistically significant decrease in



Fig. 6. Micrographs of particles emitted under smouldering conditions: A) low-magnification image of particles lying on carbon film with holes; B) a close-up view of an ash
particle. The high-contrast detail, marked with a black arrow, is crystalline zinc oxide. The insert shows the average elemental composition of the particles, determined with the
EDS.
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cell viability (PI exclusion assay) (Fig. 9). At low doses (15 and
50 mg ml�1), the emissions produced under all of the studied con-
ditions were equally toxic to cells. At the second highest dose
(150 mg ml�1), there was a difference in the effect between the
studied combustion conditions. The efficient conditions caused
more cell death than the other two samples. Moreover, the number
of dead cells increased up to 73 � 5% (the mean � SEM) with the
highest dose (300 mg ml�1) of particles produced by the efficient
combustion. The same dose of particles from the intermediate
combustion caused cell death in only 23 � 2% of the cells, and
particles from the smouldering combustion caused cell death in
18 � 4% of the cells. These findings agree with the results of our
Fig. 7. Micrographs of particles emitted under intermediate combustion conditions: A) low-m
large ash particle. The insert shows the average elemental composition of particles, determ
previous in vivo studies, which indicated that particles from near-
complete wood combustion are more potent inducers of tissue
damage and inflammation than those emitted from more incom-
plete combustion process (Uski et al., 2012; Happo et al., 2013).

4. Conclusions

Three wood combustion conditions with different degrees of
combustion efficiencies were produced in a wood chip-fired grate
combustion reactor. The particulate and gaseous emissions were
analysed extensively, and the toxicity of the particles was evalu-
ated. In the efficient combustion conditions, the CO, OGC, and fine
agnification image of particles lying on carbon film with holes; B) a close-up view of a
ined with the EDS.



Fig. 8. Micrographs of particles emitted under efficient combustion conditions: A) low-magnification image of soot agglomerates lying on carbon filmwith holes; B) a close-up view
of the primary particles of a soot agglomerate. The insert shows the average elemental composition of the particles, determined with the EDS.
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particle mass emissions were notably small. The emitted particles
were composed mainly of alkali metal salts, and they represented
ultra-fine particle mode. Furthermore, a considerable proportion of
Zn was detected in the PM1. In the intermediated combustion
conditions, the gaseous and fine particle mass (PM1) emissions
increased significantly, and the particles contained more organic
material and elemental carbon. In the smouldering conditions, the
gaseous and PM1 emissions were higher than in the other two
conditions, and the fine particle matter was composed mainly of
organic and elemental carbon. In addition to the ultrafinemode, the
particle size distribution also included larger particles due to the
presence of large soot agglomerates covered with organic material.
The size and the morphology of the particles varied considerably
between the different conditions, and these characteristics affect
the transport properties of the particles in human lungs.

From the toxicological perspective, the particles derived from
the efficient combustion conditions caused more cellular damage
Fig. 9. RAW264.7 macrophages were exposed for 24 h to the emission samples from
the three different combustion conditions. Cytotoxicity was evaluated using the pro-
pidium iodide (PI) exclusion test (n ¼ 3). Each whisker represents the standard error of
the mean (SEM). The asterisks indicate statistical significance compared to the control
(p < 0.05) analysed by non-parametric KruskaleWallis test. The letters indicate a
statistically significant response to the PM1 samples (p < 0.05) based on ANOVA and
Tukey’s test. a) Efficient; b) Intermediate; c) Smouldering.
than the other conditions, at least with higher dosages of the same
amount of PM1. This finding is most likely observed due to the high
fraction of metals in the emitted fine particles. However, the
emission factors, except particle number emission, were the lowest
in the efficient combustion conditions. Moreover, we observed that
the fraction of genotoxic PAHs did not correlate well with other
emission factors. Therefore, we suggest that the emission factors
(such as CO emission) do not provide the best indicator of the
harmfulness of the particle emissions.

At the moment, all fine particles are considered to be equally
harmful in the assessments of the health effects. In addition, the
emission limits for solid fuel burning appliances are only set for the
particle mass emission. This study indicates that different com-
bustion conditions produce particles with highly different physico-
chemical and toxicological properties.
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ABSTRACT: The effective density of fine particles emitted
from small-scale wood combustion of various fuels were
determined with a system consisting of an aerosol particle mass
analyzer and a scanning mobility particle sizer (APM-SMPS).
A novel sampling chamber was combined to the system to
enable measurements of highly fluctuating combustion
processes. In addition, mass-mobility exponents (relates mass
and mobility size) were determined from the density data to
describe the shape of the particles. Particle size, type of fuel,
combustion phase, and combustion conditions were found to
have an effect on the effective density and the particle shape.
For example, steady combustion phase produced agglomerates
with effective density of roughly 1 g cm−3 for small particles,
decreasing to 0.25 g cm−3 for 400 nm particles. The effective density was higher for particles emitted from glowing embers phase
(ca. 1−2 g cm−3), and a clear size dependency was not observed as the particles were nearly spherical in shape. This study shows
that a single value cannot be used for the effective density of particles emitted from wood combustion.

■ INTRODUCTION

Small-scale wood combustion is a significant source of particle
emissions to ambient air.1 Exposure to wood combustion-
generated particles has been observed to cause adverse health
effects (e.g., ref 2). Depending on the combustion sources,
particles from biomass combustion often contain high
concentrations of alkali metal compounds, soot (elemental
carbon, EC), and organic compounds (OC), including toxic
compounds such as PAHs.3 Particles emitted by diesel engines,
on the other hand, are dominated by soot.4 To properly evaluate
the environmental and human health effects of the emitted fine
particles, a detailed characterization of their physicochemical
properties (e.g., concentration, size distributions, morphology,
density, and composition) is required.
The effective density (ρeff), defined as the mass per unit

mobility volume of a particle, has an effect on the transport of the
particle in air and in the human respiratory tract.5 In addition, the
ρeff is the link between the aerodynamic and mobility sizes of the
particle,6 and thus enables conversion between the number and

mass size distributions. However, the ρeff is commonly assumed
to be unity (1 g cm−3) for simplicity or due to lack of knowledge.
This assumption may result in discrepancies in data processing
and lead to incorrect conclusions. For example, Wierzbicka et al.7

have recently reported that the mass dose deposited in the lungs
can be overestimated by 132% if unit density is used instead of
the size-dependent ρeff.
The mobility diameter of a fractal-like agglomerate has a

power-law relation to its mass.6 This relation can be described
using a mass-mobility exponent (Dfm).

8 In the field of aerosol
science theDfm is sometimes, incorrectly, called fractal dimension
or mass fractal dimension.9 Fractal dimension (Df) is, however, a
different parameter as it relates the number of primary particles
of an agglomerate to its radius of gyration.9 Instead, the Dfm can
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be used to describe the particle shape (morphology).8 On the
other hand, the shape has been suggested to play an important
role in describing particle behavior at the cell membrane and
inside the cell.10 The surface area has been proposed to be an
important parameter in particle-induced health effects (e.g., ref
11). Moreover, the shape of a particle affects various parameters,
such as its optical properties and lifetime in the atmosphere.
The ρeff and Df (or Dfm) of combustion-derived particles have

been measured in earlier studies; however, most of these studies
have characterized diesel soot (e.g., refs 12 and 13). The applied
methods include the following: ELPI-SMPS (electrical low
pressure impactor with scanning mobility particle sizer; e.g., ref
14), DMA-APM (differential mobility analyzer with aerosol
particle mass analyzer; e.g., refs 6 and 15), and DMA-CPMA
(centrifugal particle mass analyzer).16 The main findings from
these studies were that the ρeff and shape (according toDf orDfm)
of the particles depend on the type of combustion process and
the conditions.
The APM and CPMA are probably the most suitable

instruments for the determination of the ρeff of fine particles
because they can be used to directly determine the mass of
individual particles. In addition to diesel soot, the APM has also
been applied to measurements of other particle types: urban
aerosol particles (e.g., ref 17), TiO2 nanoagglomerates (APM-
SMPS),18 silica19 and candle soot.20

To date, the ρeff and Dfm for wood combustion-derived
particles have not been conclusively published. In this study the
ρeff of the emitted particles were measured with an APM-SMPS
system from four combustion phases of log wood batch
combustion of various wood species (birch, spruce and beech),
and from the continuous combustion of two types of softwood
pellets. The ρeff was used to describe the shape of the particles by
deriving the mass-mobility exponent from a power-law depend-
ency.

■ MATERIALS AND METHODS
Theory of Effective Density.The effective density (ρeff) can

be defined in numerous ways (e.g., ref 21), depending on various
factors such as the measurement method. Notably, the ρeff
measured with different methods may not be directly
comparable. In this study ρeff was calculated from electrical
mobility diameter (dem) and single particle mass (mp) using the
equation

ρ
π

=
6m

deff
p

em
3

(1)

Single particle mass and mass-mobility exponent (Dfm) are
related as follows6,9

=m Kd D
P em

fm (2)

where K is equation constant. Eq 2 can also be written with
effective density6

ρ = ′ −K d D
eff em

fm 3
(3)

where K′ is equation constant which was experimentally
determined in this study.
Determination of Effective Density. A schematic view of

the experimental setup is in the Supporting Information
(Supporting Information (SI) Figure 1). The effective density
of particles was measured with a combination of an APM (APM
3600, Kanomax Inc.) and a SMPS (CPC 3776 and DMA 3081
with aerosol instrument manager software, TSI Inc.) in series.

The APM was used to classify particles according to their mass
(mass to charge ratio). Upstream of the APM, the sample was
given a natural charge distribution with a bipolar diffusion
charger. Downstream of the APM the SMPSwas used tomeasure
the number size distribution of the mass-classified particles. The
scanned size range of the SMPS was narrower than the maximum
range of SMPS to provide better resolution for measured particle
size distribution. An additional pump was placed parallel to the
SMPS (inlet 0.3 lpm) to provide a total APM inlet flow rate of 1
lpm (nominal flow rate of APM). Several particle masses were
sampled in each measurement so that studied particles were
between 30 and 450 nm in diameter.
In batch combustion the conditions and emissions vary rapidly

depending on the phase of the combustion and the ambient
conditions.22 These fluctuations cause difficulties in using the
APM-SMPS system to sample directly from the stack. Therefore,
in this study a custom-made sampling chamber23 was applied to
overcome the variability of the emissions. The chamber provided
a reasonably stable aerosol population fromwhich tomeasure the
ρeff with the APM-SMPS system. The chamber was a 1760 mm
long cylinder with a diameter of 220 mm and cone shaped inlet
and outlet. The material of the chamber was stainless steel. Prior
to each sampling, the sampling chamber was filled with particle-
free ambient air. Then, the chamber was filled with flue gas,
diluted with a porous tube diluter and an ejector diluter in
series24 (total dilution ratio of 40). The filling of the chamber
with the sample aerosol took approximately 10−15 min (filling
flow ca. 5 lpm); a notable exception being the ignition of the
second batch, where the filling took 2−3 min (filling flow ca. 15
lpm) to cover only the high emission peak of organics. After the
filling was completed the line from the diluters was closed, and a
line for compensation air (filtered ambient air) was opened. The
particle-free compensation air-flow replaced the aerosol sampled
by the instruments from the chamber. It is worth noting that a
part of the sample exited the chamber during the filling due to the
flow-through nature of the chamber filling procedure.23 There-
fore, the sample inside the chamber mainly represented the
aerosol population during the last few minutes of the filling.
At the beginning of each measurement, a particle number size

distribution was measured from the chamber with the SMPS (SI
Figure 2). Typically the number concentration in the chamber
decreased to less than a tenth of the original concentration at the
end of the measurements (roughly, from 105 to 104 cm−3) mainly
due to the dilution by the compensation air. The decrease in the
concentration limited the maximum measurement time to
approximately 1 h.

Data Reduction. To determine the mode (peak) of APM-
classified particles from the SMPS size distribution a log-normal
distribution was fitted to the data, taking into account only the
data which counted for at least 25% of the height of the peak.
This selective fitting resulted in a more accurate fit to the peak of
the distribution. The geometric mean diameter of the log-normal
fit was used as a characteristic diameter in the calculations.
Equation 1 was then used to calculate the ρeff from the measured
particle mass and diameter.
Due to the bipolar charging a small fraction of large particles

may have carried multiple charges leading to multiple peaks in
the SMPS measurements of the APM classified aerosols.
However, only the largest peak (with smaller diameter)
corresponding to singly charged particles was considered in the
data fitting (SI Figure 4).
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Figure 1. continued
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The values for the equation constant K′ and mass-mobility
exponent Dfm were calculated from the linear fitting of log (ρeff)
as a function of log (dem), where ρeff was in g cm

−3 and dem in nm.

Supporting Analyses. The gaseous components (organic
gaseous compounds (reduced to the mass of carbon), OGC;
carbon monoxide, CO; carbon dioxide, CO2; oxygen, O2) were

Figure 1. Electronmicrographs and effective density of particles emitted during different phases of batch combustion: i and vii) ignition of the first batch,
ii and viii) ignition of the second batch, ii and ix) combustion phase and iv and x) glowing embers; as well as by pellet boiler during nominal operations v
and xi). For comparison, vi) fittings of diesel engine soot (data from Park et al.6) and density values of TiO2 (data from Ihalainen et al.18), xii) TEM
micrograph of TiO2.
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measured with a gas analyzing rack (ABB Cemas uras) and a
flame ionization detector (FID) directly from the stack (SI
Figure 1) to characterize the combustion conditions. An
aethalometer (Aethalometer AE 33, Magee Scientific) was used
to determine the black carbon (BC) concentration. Furthermore,
an aerosol mass spectrometer equipped with a laser vaporiser
(SP-HR-TOF-AMS, Aerodyne Research Inc.25) was used online
to measure the chemical composition (e.g., refractory Black
Carbon (rBC)) of the particles. In this study BC and rBC are
considered to be equal, although this assumption is not entirely
accurate.26

The samples for transmission electronmicroscopy (TEM) and
energy dispersive X-ray spectrometry (EDS) analysis were
collected on holey carbon substrates with copper supported grids
(Agar Scientific S147-4) using an aspiration sampler.27 The
single particle morphology was analyzed using a field emission
TEM (JEM-2100F, JEOL, 200 kV).
Combustion Appliances. A modern masonry heater was

applied to produce batch combustion conditions and a pellet
boiler28 was used to produce continuous combustion conditions.
The masonry heater was made of soapstone with following
dimensions: height 1.4 m, width 0.85 m, depth 0.6 m, and weight
1.3 tons. Combustion air was provided in two stages to improve
the burnout of primary unburned material.
The pellet boiler was a 25 kW modern technology unit which

utilized fixed-grate technology and was operated with top-feed

fuel feeding. The combustion air was provided in two stages by
adjustable air fans.
Commonly used beech, birch and spruce wood logs with

moisture contents of 9.0, 7.2, and 7.4 wt %, respectively, were
used as fuel in the masonry heater (SI Table 2). The batch size
was 2.5 kg. Beech and spruce are regularly used fuels in small-
scale wood combustion in Central Europe while birch is the most
common in Northern Europe, for example, in Finland. The draft
in the chimney was adjusted to −12 ± 2 Pa (related to ambient
pressure) using a flue gas fan.
The ρeff was determined as a function of the particle size from

four separate combustion phases of the masonry heater. These
phases were named as follows: ignition (I, ignition of the first
batch, cold furnace), ignition of second batch (O, ignition of
second batch, relatively hot furnace, producing high emission of
organics), steady combustion (C, main combustion phase with
strong yellow flame) and glowing embers (E, residual charcoal
burning without yellow flame).
The pellet boiler was used with a nominal load with two

different types of softwood pellets (A and B) from which pellet A
contained more bark than pellet B according to visual
observation. The moisture content of the pellets A and B were
7.3 and 6.5 wt %, respectively (SI Table 2). The boiler was
preheated prior to the sampling, and the operational parameters
of the boiler were equal in all of the studied cases.

Figure 2. Chemical composition of submicron particles and calculated bulk density during combustion of birch log wood measured using SP-AMS. No
dilution correction was applied (average dilution ratio was 400). Acronyms: OAorganic aerosol, rBCrefractory black carbon, Chlchloride, K
potassium, NO3−nitrate and SO4−sulfate. Combustion phases: I−ignition, O−ignition of second batch, C−steady combustion and E−glowing embers.
Bulk density was calculated using the literature density values of the chemical compounds with fractions measured with the AMS.
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■ RESULTS AND DISCUSSION

System Validation. The ρeff measurement system was tested
prior to the actual experiments with ammonium sulfate particles
produced from a water solution with a constant output atomizer
(TSI 3076). Moreover, the APM was separately tested with
polystyrene latex (PSL) particles whose mass and size (density
1.05 g cm−3) are well-known. Both of these tests were done to
validate the operation of the system. The measured ρeff of the
ammonium sulfate was slightly lower than the bulk density (1.77
g cm−3); the relative differences from the bulk density were 13%
for 94 nm, 12% for 87 nm and 15% for 79 nm particles. Previous
studies have noted that ammonium sulfate particles are not
perfect spheres29 and may contain water and voids. Therefore,
the ρeff can be slightly lower than the bulk density. However,
these relationships illustrate the magnitude of the accuracy of the
density measurement system.
The measured densities of the PSL particles were larger than

the known density by 5% for 70 nm, 4% for 240 nm and 3% for
498 nm which were at acceptable level. In addition, a PSL size
measurement confirmed that the size calibration of the SMPS
was valid (within 0.4−3.7%). Malloy et al.30 have determined the
accuracy of both the APM-SMPS and the DMA-APM systems
and they reported that density can be measured within an
accuracy of ca. 2.5% for 100 nm ammonium sulfate, PSL and
DOP (Dioctyl phthalate) particles. McMurry et al.31 reported an
accuracy of ca. ± 5% for spherical particles (100 and 300 nm in
diameter) in their study. In this study it was estimated that the
system can determine ρeff within an accuracy of 15%, the error is
smaller for larger particles.
The density determination system has previously been used to

measure the ρeff of TiO2 particles (Figure 1 vi and xii).18 TiO2
particles are well-characterized homogeneous agglomerates that
are generally used as test aerosols. The extrapolation of the data
shows that the density value approaches the bulk density of the
material (4.2 g cm−3) when the particle size approaches the
primary particle size (Figure 1).
Combustion Conditions. The combustion conditions

varied remarkably between the studied cases, and thus affected
the composition and physical properties of the particle emissions.
The emission parameters (SI Table 1) were obtained from short
sampling periods. Typically, in combustion studies the emission
values are obtained from longer sampling times. Therefore, care
should be taken when comparing data. However, here the
comparison is performed to draw attention to the differences in
the combustion conditions.
Typically, during the ignition of the first batch, the gaseous and

particulate emissions are high32 but burn rate is low, due to the
cold firebox. In this study, the concentration of CO in phase I was
1200−1900mgm−3, and the concentration of OGCwas 50−180
mgC m−3. The OGC concentrations were 12, 19, and 3-fold
compared to those during phase C with birch, beech, and spruce,
respectively. The ignition phase of batch combustion produced
particles that contained a large amount of organic compounds
and soot (Figure 2) as reported by, for example, Heringa et al.33

Themost incomplete combustion conditions were observed in
during phase O. The emissions were high because of the high
gasification rate leading to insufficient mixing of air and fuel.
Moreover, the temperature was not sufficiently high to enable the
complete burning of these gasified fumes instantly. Typically (at
least for the masonry heaters), the OGC and CO emissions are
maximized during the ignition phase and decrease rapidly
thereafter.32 The CO concentration was between 5200 and 9700

mg m−3 and the OGC concentration 330−610 mgC m−3. The
particle emissions consisted mainly of organic matter. Soot was
also present (Figure 2.) although in smaller fraction than in phase
I.
During phase E, the CO and OGC emissions were relatively

high. Although the oxygen content was sufficiently high (18.2−
19.4%) for complete combustion, the low diffusion rate of
oxygen to char and the cooling of the combustion chamber due
to the high volume of excess air in the combustion chamber
limited the oxidation of CO and OGC. The concentration of CO
was high, ranging from 3300 up to 16 000 mg m−3, with all wood
species. Despite the high gaseous emissions, the particle
emissions were low and consisted (mainly) of ash, similarly to
the pellet combustion case (Figure 2).
The lowest gaseous emissions in batch combustion were

observed during phase C. The concentration of CO from birch
and beech combustion was 140−330 mg m−3 and the OGC
concentration 4.8−9.2 mgC m−3. These values are slightly lower
values than those reported in earlier studies.28 On the other hand,
the concentrations of CO from spruce cases C1 and C2 (number
indicates repetition number) were slightly higher, 570 and 980
mg m−3, respectively. In addition, the aethalometer and AMS
showed significant fractions of BC in the particle emissions (SI
Table 1; Figure 2).
In pellet combustion, the concentrations of CO (90−100 mg

m−3) and OGC (3 mgC m−3) were relatively low compared to
the values reported in previous studies of pellet boiler
emissions.28 These findings prove that the combustion was
efficient. Moreover, the BC content in pellet combustion emitted
particles was small. This finding agrees with earlier studies, which
have shown that the fine particles emitted from pellet
combustion, typically, consist mostly of inorganic matter.34,35

Effective Density and Mass-Mobility Exponent. The ρeff
of the particles emitted during the various phases of wood log
batch combustion are shown in Figure 1. In general, the ρeff was
found to depend on the fuel, the phase of the combustion cycle
and the particle size. However, the fuel dependency was only
weak. For phases I and C, and pellet A (Figure 1 i, iii, and v) the
ρeff decreased with increasing particle size, while clear size
dependency was not observed for phase E and pellet B cases
(Figure 1 iv and v). In phases I andC, and pellet A, for which a the
size dependency was observed, the ρeff of small particles (smaller
than 50 or 100 nm) was approximately 0.6−1.3 g cm−3, and
decreased monotonically to approximately 0.25 g cm−3 for
approximately 400 nm particles (0.4 g cm−3 for the pellet A).
These size dependencies for phases I, C and pellet A were, in
general, similar to those of diesel soot particles (e.g., ref 6)
(Figure 1 vi). Rissler et al.20 have reported similar densities (0.62
g cm−3 for 100 nm particles and 0.26 g cm−3 for 300 nm particles)
for the soot emitted from burning candles. They also measured
the ρeff of soot particles from a soot generator which was found to
produce less dense particles (0.39 g cm−3 for 100 nm and 0.20 g
cm−3 for 300 nm) than the combustion-derived particles in this
study. If the ρeff data of phases I, C and E are extrapolated down
the primary particle size the ρeff values are roughly in the range of
the bulk density calculated from the data measured with the AMS
(Figure 2)
Phases I and C produced agglomerates consistent with eq 3.

However, the differences in the Dfm in repeated measurements
were in some cases higher than the differences between the
various wood species or studied phases. The Dfm was 2.32−2.45
for phase C and 2.22−2.46 in phase I highlighting the fractal
structure of these particles. Spruce in phases C2 and I1 produced
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slightly higher Dfm values than the other wood species. Other
significant differences were not observed. Nonetheless, theDfm in
phases I and C were close to those reported for diesel soot
particles. For example, Park et al.6 measured Dfm of 2.33−2.41
depending on the load of the engine.
The emissions from phase O contained large amounts of

organic vapors (SI Table 1) and the particles contained high
fractions of condensed organic compounds. The heterogeneity
of the particles resulted in a less consistent size dependency of
the ρeff (Figure 1 ii). As such, the Dfm could not be reliably
determined. The variations in the particle shape, size and
fractality were observed also in the TEM analysis (SI Figure 3).
The ρeff of the particles emitted from phase E were almost

independent of the particle size in the measured size range
(Figure 1 iv). Only a minor effect of the wood species was seen.
Moreover, a small size fraction (<50 nm; Figure 1 x) of inorganic
particles, present in all wood samples, was observed in the TEM
analyses but fall outside the mass range of the APM. In the char
burning phase organics were no longer released in the gas phase
and no soot was formed. Thus, the particle formation was
dominated by the release of alkali metal species. Their nucleation
and growth is governed by aerosol processes above the bed of
chars which explains the different morphologies found in phase E
compared to the other phases.
The pellet combustion produced two different ρeff profiles

depending on the type of the pellet used (A or B). Pellet A
produced agglomerate particles (Figure 1 xi) with ρeff values that
negatively correlated with size. Pellet B produced on average
smaller particles than pellet A (SI Figure 2) whose ρeff did not
negatively correlate with size because particles were close to
spherical in shape (Figure 1 v and xi). The size dependency of the
ρeff for pellet A was similar to those of phases I and C, although
particles of all sizes were denser. This arises because the particles
from pellet combustion mainly consist of alkali metal salts while
in batch combustion the composition is dominated by elemental
carbon. The TEM-micrographs (Figure 1 xi) show a clear
difference in the shape (morphology) of the particles emitted
from the combustion of these two pellet types. TheDfm for pellet
A was 2.42 on average which is in the range of the values for
phases I and C. However, the smallest particles were roughly
spherical for the pellet A case while an agglomerate structure
appeared with increasing size. For pellet B the behavior of the ρeff
(as a function of size) was similar to that of the particles released
during phase E indicating that the particles were nearly spherical
irrespective of the size. However, the particles were denser than
in phase E indicating a different chemical composition.
The morphology (Dfm) of the particles produced by

combustion of pellet type A or B may differ due to the inherent
sintering properties of ash materials. Particles from efficient
biomass combustion predominantly consist of different alkali
salts corresponding to the ash properties of the fuel.36 Hence, the
material melting temperatures, and consequently the degree of
sintering of primary particles, may vary depending on the ratios
of sulfate, chloride and carbonate compounds in the alkali salt
mixture. Thus, both highly sintered, close to spherical,37,38 and
less compact chain-like particles39 have been found in the
emissions of small-scale wood burning appliances with a high
combustion efficiency, similar to this study. The Dfm values of
highly sintered particles are higher than those of chain-like
particles.
The properties of APM and DMA result in uncertainties for

the density measurements. Tajima et al.40 have reported that
APM underestimates the mass of small particles (less than

approximately 30 nm, when ρeff = 1 g cm−3). The reversal of the
trend of the ρeff at small particles in this study was, at least partly,
due to this underestimation. However, estimating the magnitude
of this effect is difficult because the limit at which this effect
becomes significant is not sharp and depends on the true particle
density. In addition, Tajima et al.40 found that Brownian diffusion
widens the real transfer function on the APM compared to the
theoretical estimates for small particles (smaller than 50 or 100
nm). Furthermore, large nonspherical particles suffer from the
aligning effect of the high electric field in the DMA.41 This effect
tends to be significant for particles larger than approximately 250
nm.42 Due to the alignment, the particles are measured to be
smaller, which results in higher densities (eq 1). Rissler et al.20

have estimated that the effect of the alignment decreases the
measured size of large soot agglomerates (350 nm) by
approximately 8% in the worst case measured by the DMA-
APM set up.
The ρeff was checked at the beginning and later in the

measurement period for a few cases to determine the magnitude
of the effect of the residence time the particles spent in the
sampling chamber during the measurements. The differences
between these values were small (−7% to +16%). Thus, the
changes due the aerosol dynamics in the chamber were not
considered in the data analyses.
In this study, the ρeff and Dfm of fine particles emitted from

small-scale wood combustion were determined for a particle size
range of about 30−450 nm. The sampling chamber was used to
enable the measurement of the highly fluctuating emissions of
batch combustion. Depending on the combustion conditions,
the ρeff was either negatively correlated or independent of the
particle size. The phase of the combustion process radically
affected the ρeff and Dfm values of the particles. For example, the
morphologies of the particles were completely different for
steady combustion (fractal agglomerates) and glowing embers
(spherical-like particles) phases. Thus, a single value cannot be
used for these parameters for all combustion phases. The effect of
the wood species was minor in log wood combustion. However,
the composition of pellets strongly affected the morphology of
the particles emitted from pellet combustion.
Our results clearly improve the knowledge on the structural

properties of agglomerate aerosols emitted from wood
combustion. This enables more accurate comparison of the
aerodynamic (i.e., impactor) and mobility classifier results.
Similarly the fine particle mass deposited to lungs can be
estimated with higher accuracy. This estimation is important
when assessing the biological effects of the biomass combustion-
emitted particles which are currently being investigated in the
framework of the HICE-research network (www.hice-vi.eu).
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An amorphous solid state of biogenic secondary
organic aerosol particles
Annele Virtanen1, Jorma Joutsensaari2, Thomas Koop3, Jonna Kannosto1, Pasi Yli-Pirilä4, Jani Leskinen4, Jyrki M. Mäkelä1,
Jarmo K. Holopainen4, Ulrich Pöschl5, Markku Kulmala6,7, Douglas R. Worsnop2,6,8,9 & Ari Laaksonen2,9

Secondary organic aerosol (SOA) particles are formed in the atmo-
sphere from condensable oxidation products of anthropogenic and
biogenic volatile organic compounds (VOCs)1–7. On a global scale,
biogenic VOCs account for about 90% of VOC emissions1,8 and of
SOA formation (90 billion kilograms of carbon per year)1–4. SOA
particles can scatter radiation and act as cloud condensation or ice
nuclei, and thereby influence the Earth’s radiation balance and
climate1,2,5,9,10. They consist of a myriad of different compounds
with varying physicochemical properties, and little information is
available on the phase state of SOA particles. Gas–particle parti-
tioning models usually assume that SOA particles are liquid1,5,11,
but here we present experimental evidence that they can be solid
under ambient conditions. We investigated biogenic SOA particles
formed from oxidation products of VOCs in plant chamber experi-
ments and in boreal forests within a few hours after atmospheric
nucleation events. On the basis of observed particle bouncing in an
aerosol impactor and of electron microscopy we conclude that
biogenic SOA particles can adopt an amorphous solid—most
probably glassy—state. This amorphous solid state should provoke
a rethinking of SOA processes because it may influence the
partitioning of semi-volatile compounds, reduce the rate of
heterogeneous chemical reactions, affect the particles’ ability to
accommodate water and act as cloud condensation or ice nuclei,
and change the atmospheric lifetime of the particles12–15. Thus, the
results of this study challenge traditional views of the kinetics and
thermodynamics of SOA formation and transformation in the
atmosphere and their implications for air quality and climate.

The plant chamber experiments were carried out using living Scots
pine seedlings as natural sources of biogenic VOCs, because terpenoids
emitted from living plants are more representative of natural atmo-
spheric conditions than artificial VOCs (for example, a-pinene) or the
mixtures of VOCs commonly used in smog chamber experiments16,17.
In this study we focused on the physical and morphological properties
of aerosol particles formed from both O3-initiated and OH-initiated
oxidation of pine VOC emissions. The evolution of the aerosol particle
size distributions were measured by two scanning mobility particle
sizers (SMPSs) and one electrical low-pressure impactor (ELPI); see
Methods. The twelve-stage cascade impactor of the ELPI is con-
structed such that larger particles deposit on the upper impactor plates,
and smaller particles deposit on the subsequent lower stages. The
particles are charged, so the current induced in each stage by collected
particles can be measured.

One general problem with impactor measurements, however, is the
efficiency with which particles of different size, shape, morphology and
physical state are collected during the collision process18,19. For
example, liquid particles or other easily deformed materials usually
tend to adhere to the impaction plates upon collision (Fig. 1c), whereas
solid particles are captured less efficiently owing to bouncing18

(Fig. 1b). In a cascade impactor, the aerosol particle bounce perturbs
the measurement because larger particles are transferred to lower
stages when they bounce, thus tilting the inferred size distribution to
smaller particles (see Supplementary Information). This characteristic
feature of an impactor is usually considered an undesired artefact, but
here we use it as a tool for studying the physical state of the particles.

Particle bounce was observed during particle growth in the plant
chamber, because a large excess current of particles was measured in
the back-up filter and the lowest impactor stages with cut-off dia-
meters smaller than 30 nm. This was the case even when the maximum
of the size distribution was as high as 100 nm and no small particles
were present, as confirmed by simultaneous SMPS data. To ensure that
the measured excess current was indeed due to particle bounce, the
smooth collection plates were replaced by more effective porous plates
(moistened with oil to increase adhesion), resulting in a nearly
complete removal of bounce (see Supplementary Figs 1b and 3). To
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Figure 1 | Observations and interpretation of particle bounce of SOA and
reference particles. a, The bounce factor of aerosol particles is shown as a
function of mode geometric mean diameter for pine-derived particles nucleated
and grown in the chamber (blue circles). The particle bounce was detected for
both O3-initiated (solid blue circles) and OH-initiated oxidation (open blue
circles). In the latter case SO2 was also added to the chamber and sulphate ions
were detected in the particles by the aerosol mass spectrometer. Relative
humidity was 30 6 5% during the chamber experiments. The particle bounce
factor for recently formed atmospheric aerosol particles measured in Hyytiälä
(sampling relative humidity: 10–20%) during 15–18 May 2009 is also shown
(green solid circles). For comparison, the bounce factors measured for materials
known to be liquid (red circles), crystalline (black squares), and amorphous
solid (black circles) are shown. Bounce factor data for geometric mean diameter
less than 30 nm cannot be determined reliably by our method; see
Supplementary Information. Therefore, newly nucleated sub-30-nm particles
might well be in a solid state despite the apparently small bounce factor values
(lightly shaded data in a). b, c, Schematics indicating the impact process of solid
(b) and liquid (c) particles onto a smooth surface are also shown. Solid particles
are more likely to bounce, while liquid particles tend to adhere to the surface.
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quantify the observed bounce, we define the fraction of excess current
(resulting from the charges carried by the bounced particles) in the
lowest impactor stages (those with cut-off diameters smaller than
30 nm and the back-up filter) relative to the idealized signal inferred
from SMPS data as the ‘bounce factor’ (see Supplementary Informa-
tion for derivations).

In Fig. 1a, the bounce factor is shown as a function of the particles’
geometric mean diameter for pine-derived particles nucleated and
grown in the chamber (blue circles). A clear bounce was observed in
all cases, and for particles larger than 30 nm the bounce factor seems to
be almost unaffected by particle size or particle age. This is consistent
with chemical information obtained simultaneously by a quadrupole
aerosol mass spectrometer, which showed that the composition of the
particles remains essentially constant during the growth process.
According to the aerosol mass spectrometer spectra the plant chamber
particles represent less oxidized organic aerosol (see Supplementary
Information). The observed bounce strongly suggests that the SOA
particles are in a solid rather than liquid state. To verify this conclusion
we have performed experiments with reference aerosol particles of
known physical state. As expected, bounce is negligible for liquid
droplets of moderate viscosity (dioctyl sebacate; red circles in
Fig. 1a). In contrast, crystalline (NH4)2SO4 particles (at a relative
humidity of 12%) and amorphous solid polystyrene particles do show
significant bounce (black squares and circles, respectively, in Fig.1a).
We verified that the 50-nm polystyrene particles were in an amorph-
ous solid state by determining their glass transition temperature at
about 97 uC (see Supplementary Information). The bounce factor of
SOA particles measured in the plant chamber closely matches that of
polystyrene particles, suggesting that the SOA particles are also in a
glassy (amorphous solid) state at the moment of impact.

To confirm these observations by an independent method, SOA
particles were collected on electron microscopy grids. Figure 2a shows
a scanning electron microscope (SEM) image of approximately 100-
nm-sized particles formed from the OH-initiated oxidation products
of pine emissions in the presence of SO2, that is, of those particles that
showed clear bounce behaviour (Fig. 1). The particles reveal an almost
spherical shape, and some particles are agglomerates formed from two
or more primary particles. Although the agglomeration could have
taken place in either the aerosol phase or on the collection grid, it does
confirm that the particles were solid at the moment of collection

(which took place at room temperature and pressure), thus excluding
the possibility of a glassy state induced by evaporation of water or other
semi-volatile components when the particles are exposed to reduced
pressures in the impactor or in the microscope.

SEM images of newly formed particles (Fig. 2b; SMPS peak diameter
28 nm) are very similar. The particle size distributions derived from
the SEM images are very close to those from SMPS data obtained
during collection of the particles (Fig. 2e and f). This indicates that
the particles were neither significantly flattened on the collection grid
nor did considerable evaporation take place during the analysis.
Moreover, the absence of electron diffraction patterns in transmission
electron microscopy of the particles indicates that they were in a non-
crystalline, amorphous state (see Supplementary Information). While
such a non-crystalline state of multi-component organic particles is to
be expected from thermodynamic considerations20, all the above
experiments suggest that the SOA particles in the plant chamber were
in an amorphous solid state rather than in a liquid state. The amorph-
ous solid state of SOA particles is in line with the observed presence of
oligomers or other organic compounds with high molar mass in SOA
particles21, because those are known to be more prone to glass forma-
tion than smaller molecules13. Hydrogen bonding between oxygenated
compounds and functional groups may also favour the formation of
solid phases15

, and the potential influence of oxidation on the phase
state of organic aerosol particles should be explored in future studies.

To corroborate these results for naturally occurring SOA particles in
the atmosphere, we performed aerosol measurements in a boreal forest
environment during spring 2009 (Hyytiälä Forestry Field Station,
SMEAR II, Finland22) by following the growth of freshly nucleated
SOA particles with identical instruments (see Supplementary
Information). Although the bounce factor of these newly formed
atmospheric SOA particles (green circles in Fig. 1a) is lower than that
of plant chamber SOA particles, it is significantly larger than that of the
liquid dioctyl sebacate particles, and even slightly larger than that of
crystalline (NH4)2SO4 particles. In addition, SEM samples collected
4–7 h after the start of the nucleation bursts (see Supplementary Fig. 5)
again reveal nearly spherical particles (see Fig. 2c and d) and size
distributions similar to the SMPS data (Fig. 2g and h). The observed
bounce factor, as well as the SEM image analysis, confirms that also in
the atmosphere SOA particles adopt a solid physical state within at
least a few hours after nucleation begins.
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Figure 2 | SEM images of plant chamber SOA particles and atmospheric
SOA particles. a, 100-nm-sized particles formed from the OH-initiated
oxidation products of pine emissions in the presence of SO2. b, The 28-nm-sized
particles formed from the O3-initiated oxidation of pine emissions (in the absence
of SO2). c, d, Images of atmospheric SOA particles collected 4–7 h after the start of

the nucleation. e–h, Each size distribution is positioned below its corresponding
SEM image. The SMPS size distributions measured during the SEM sample
collection (solid line) are compared to those derived from SEM image analysis
(dashed line). For comparison, images of liquid dioctyl sebacate particles are
shown in the Supplementary Information. N is number concentration.
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Although recent studies13–15 have suggested, on the basis of laboratory
experiments, that organic-rich atmospheric aerosols might be in an
amorphous solid state, the results presented here are the first to show
(to our knowledge) that this is indeed the case for both laboratory-grown
as well as natural SOA particles in a boreal forest environment. The solid
amorphous state of SOA particles has important implications for a
number of atmospheric processes. First of all, it might reshape our
general understanding of atmospheric SOA formation. The entire gas-
to-particle conversion process of natural VOC oxidation products may
need to be re-evaluated, because our results suggest that it is more similar
to adsorptive re-sublimation than to condensation into a liquid. There
are models of gas–particle partitioning during SOA formation that
describe the partitioning as an adsorptive process23, but it is more com-
mon to apply models that assume absorption of gases into a well-mixed
organic liquid particle state11. An amorphous solid state of SOA particles,
however, suggests strong deviations from such thermodynamic equilib-
rium partitioning because mixing within the particle bulk will suffer from
kinetic limitations, given that diffusion is strongly inhibited in glassy or
highly viscous particles.

Moreover, the water uptake of solid SOA particles might also be
diminished or even fully inhibited at low to medium relative humid-
ity13–15, with implications for the particles’ size, scattering coefficients,
and direct radiative effect on climate. Nevertheless, significant water
uptake may occur at high relative humidity owing to a moisture-
induced glass transition resulting in a liquid state of the particles13,15.
In the relative humidity range 71% to 90%, the hygroscopic growth
factor (defined as wet diameter divided by dry diameter) of 20–50-nm
particles formed in nucleation events is usually in the range of ,1.1 to
1.3 (refs 24 and 25), indicating that the particles are deliquesced drop-
lets. On the other hand, our ELPI and SEM measurements show that
that the particles were solid at 30% relative humidity. Therefore, the
solid SOA particles appear to become deliquescent in the relative
humidity range between 30% and 70% (ref. 15), implying that the
gas-to-particle partitioning process responsible for particle growth
may change from adsorptive to absorptive, very probably allowing
for condensation of more volatile species once the transition has taken
place. We note that in other experiments and environments SOA
particles may be liquid depending on precursor compounds, chamber
humidity and VOC gas phase concentrations26. For example, high
humidity and high VOC gas phase concentrations may enhance the
partitioning of low-molar-mass species into the condensed phase,
thereby suppressing solidification (plasticizer effect)15.

Finally, chemical reactions are impeded in viscous aerosol particles12

and might even be inhibited completely in glassy aerosol particles, because
mass transport (diffusion) of reactants within the aerosol particle bulk
becomes the rate-limiting step. For the same reasons, chemical reactions
in highly viscous and solid particles are typically surface-limited, that is,
heterogeneous reactions occur only on the particle surfaces27. We suggest
that glassy/ultraviscous particle cores or coatings in SOA might be the
reason that aged atmospheric aerosols usually contain species that—
according to laboratory studies—should have very short chemical life-
times in liquid phase particles. For example, the diffusion coefficient of
water in several aqueous carbohydrates is about 10210 cm2 s21 in the
proximity of the glass transition at room temperature28. Model calcula-
tions using the same value for ozone showed that the atmospheric
chemical lifetime of oleic acid can increase from a few minutes in liquid
particles to several hours in ultraviscous particles29. Because diffusion is
further diminished at lower temperatures, we expect oxidation reac-
tions to be slowed even more in the free and upper troposphere.

All the effects discussed above, both individually and in combina-
tion, may substantially increase the atmospheric lifetime of organic
chemicals and of SOA particles. Because of these potentially important
atmospheric implications, we strongly encourage more detailed studies
in the laboratory and in the atmosphere, the better to characterize,
comprehend and model the occurrence and effects of glassy atmo-
spheric aerosol particles.

METHODS SUMMARY
The plant chamber experiments are described in detail in the Supplementary
Information. Briefly, the system consists of a plant enclosure, a reaction chamber
(volume 6 m3), and a gas and particle measurement system. Plant-emitted VOCs
were conducted by purified and dried air into the reaction chamber, and O3 was
separately added to the reaction chamber. The size distributions of the newly
formed particles were measured by two SMPSs with measurement ranges from
3–60 nm and 10–700 nm. In the atmospheric measurements in Hyytiälä the par-
ticle size distribution (3–1,000 nm) was measured by a differential mobility par-
ticle sizer. The ELPI used in this study had a measurement range of 7–6,000 nm. In
the chamber experiments the ELPI was equipped with an additional impactor
stage with a cut-off size of 17 nm (placed between the back-up filter and the first
impactor stage with a cut-off size of 32 nm). In the ambient measurements the
normal ELPI set-up was used. When the measured ELPI currents were compared
to ideal currents not affected by bounce, the fraction of excess current in the lowest
impactor stages can be estimated, and we define this fraction as the ‘bounce factor’
(see Supplementary Information for exact derivations).

The electron microscopy samples were collected onto copper grids covered by
holey carbon film. The collection took place at a sample flow rate of 0.2 litres per
minute at room temperature and pressure. The samples were analysed using a field
emission gun scanning electron microscope (FEG-SEM, Zeiss ULTRAplus).
Before analysis, the samples were carbon-coated with a JEOL JEE-4X vacuum
evaporator (Tokyo) using spectrographically pure carbon rods. The size distribu-
tions of particles were determined from the SEM images by image analysis (see
Supplementary Information). Furthermore, the crystallinity of the particles was
studied by analysing the electron diffraction pattern with transmission electron
microscopy (Jeol JEM 2010).
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