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Abstract

Aerosol measurements are conducted in several applications, such as in air quality and
emission analysis. This thesis focuses on electrical aerosol instrumentation, in which the
aerosol detection is achieved by measuring electric current from charged patrticles. If
particle charge is known accurately, the current produced by particles can be used as an
accurate and traceable concentration reference in calibration of various aerosol
instruments. Additionally, same methods can be applied with small modifications in the
measurement of particle charge. These form the main objectives of this thesis, which are
to develop particle charge measurement and aerosol instrument calibration methods in
a size range from nanometers to micrometers.

In this thesis, the operation of the Electrical Low Pressure Impactor (ELPI+) is introduced.
The instrument contains two main components, charger and impactor, which were
characterized in calibration measurements. The ELPI+ and the Differential Mobility
Analyzer (DMA) were used as a basis of the developed DMA-ELPI particle charge
measurement method, in which particles are classified according to their electrical
mobility, which is a function of particle size and charge. This is followed by aerodynamic
size classification and detection with an ELPI+. The main advantage of the developed
method is the wide particle size range compared to other available techniques. The
charge measurement was successfully tested using particles with well-defined size
distributions and charging states. Additionally, an instrument called BOLAR was
developed for studying charge from inhaler-generated particles. The BOLAR is capable
of measuring the size fractioned bipolar charging state of aerosol particles. The operation
of the instrument was verified with calibration measurements, and the instrument was
applied in studying charge of inhaler-generated particles. As a final application of
electrical aerosol instrumentation, a new wide size range instrument calibration setup
was developed. This included designing and constructing a particle growth unit, an
electrical mobility classifier for um-sized particles and a flow mixing and splitting
assembly. All these components were characterized, and the setup was used to calibrate
a particle counter traceably in the size range from 3.6 nm to 5.3 um, which has not
previously been possible with any single setup. The introduced high accuracy calibration
method can be used as a traceable primary standard for particle number concentration.






Tiivistelma

Aerosolihiukkasten mittausta tarvitaan useissa sovelluksissa, kuten ilmanlaadun tai
paastéjen analysoinnissa. Tassa  vaitoskirjassa keskitytaan sahkaisiin
aerosolimittausmenetelmiin, joissa varatut hiukkaset mitataan niiden tuottaman
sahkovirran avulla. Jos varaustila tunnetaan tarkasti, voidaan hiukkasten tuottamaa
virtaa  kayttad  jaljitettdvana  hiukkaspitoisuuden referenssiarvona  erilaisten
aerosolimittalaitteiden kalibroinneissa. Toisaalta samoja menetelmia voidaan kayttaa
hieman muokaten hiukkasten varaustilan tutkimiseen. Naistad tekijoistda muodostuu
vaitoskirjan paatavoite, joka on kehittaé aerosolihiukkasten varausmittausmenetelmia ja
laitteiden kalibrointia nano-mikrometrikokoalueelle.

Tassa vaitoskirjassa esitelladan sahkoisen alipaineimpaktorin (ELPI+) toiminta. Laite
koostuu kahdesta padkomponentista: varaajasta ja impaktorista, joiden toiminta
maadritettiin kalibrointimittauksilla. ELPI+:n ja differentiaalisen liikkuvuusanalysaattorin
(DMA) perustalle kehitettin DMA-ELPI varausmittausmenetelmd, jossa hiukkaset
luokitellaan niiden varauksesta ja koosta riippuvan séhkdisen liikkkuvuuden mukaisesti ja
taman jalkeen seké& kokoluokitellaan aerodynaamisesti ettd mitataan sahkoisesti
ELPI+:lla. Uuden menetelmé@n suurimpana etuna on erittdin laaja hiukkaskokoalue
muihin mittausvaihtoehtoihin verrattuna. Menetelm&a testattiin onnistuneesti hiukkasilla,
joiden kokojakaumat ja varaustilat olivat tarkasti tiedossa. Vaitoskirjatydssa kehitettiin
my0s laitteistoa inhalaattorien tuottamien hiukkasten varaustilan tutkimiseen. Kyseinen
laite, BOLAR, pystyy mittaamaan aerosolihiukkasten bipolaarisen varaustilan
kokoluokiteltuna. Laitteen toiminta varmistettiin kalibrointimittauksilla ja laitetta kaytettiin
my0Os inhalaattorilla tuotettujen hiukkasten varaustilan tutkimiseen. Tydssa kehitettiin
lisdksi séhkdisiin aerosolimittausmenetelmiin perustuva kalibrointilaitteisto laajalle
kokoalueelle.  Kalibrointilaitteistoon  suunniteltin ~ ja  rakennettin  hiukkasten
kasvatusyksikkd, pm-koon hiukkasten sahkoéinen luokittelija seka virtausjako. Kaikkien
naiden toiminta varmistettiin kokeellisesti ja laitteistoa kaytettiin lisaksi hiukkaslaskurin
laskentatehokkuuden jaljitettavaan primadrikalibrointiin kokoalueella 3,6 nm — 5,3 um,
mika ei ole aiemmin ollut mahdollista millaén yksittdisella kalibrointilaitteistolla. Kehitetyn
kalibrointimenetelman suuri tarkkuus mahdollistaa sen kayttamisen
lukumaarahiukkaspitoisuuden jaljitettavana primaaristandardina.
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1 Introduction

Aerosol particles are solid or liquid material dispersed in a carrier gas. They have both
adverse and beneficial characteristics. Aerosol particles have been linked to harmful
health effects (Dockery et al. 1993, Beelen et al. 2014). These include for instance
respiratory diseases and cardiovascular or cardiopulmonary diseases (Pope et al. 2002,
Miller et al. 2007, Badyda et al. 2016, Stockfelt et al. 2017). As a result, limits for outdoor
air particle concentrations have been set (e.g. European Commission 2008), and particle
emissions from vehicles are tightly regulated (e.g. European Commission 2011). In
contrast, while some aerosols have harmful properties, aerosolized pharmaceuticals are
frequently used to treat pulmonary diseases (e.g. Ali 2010). In industrial applications,
aerosol processes (e.g. Athanassiou et al. 2010) provide means for fast production of
engineered nanomaterials in large quantities. In atmosphere, aerosols affect climate
directly and through interaction with clouds (Boucher et al. 2013).

Both the scientific community and the regulators need accurate aerosol measurements.
Perhaps the most common aerosol measurement is related to particle concentration,
typically mass or number concentration. Particle mass concentrations are routinely
measured for instance in air quality monitoring stations, whereas the particle number
concentrations are often measured in general aerosol research. Particle size is a major
factor affecting particle motion and interaction with other particles and surfaces. For
instance, depaosition into the respiratory track is significantly affected by the particle size.
Particle formation process affects the patrticle size, and different processes often produce
particles in different size ranges. The particle size analysis is a basis of typical aerosol
research in combination with the concentration measurement.

Particle electric charge is a factor that affects particle motion through electric effects. For
instance, the lung deposition of particles depends not only on size but also on electric



charge (Balachandran et al. 1997). Particles may acquire electric charge during the
formation process or through interaction with ions. Particle charging is an essential
technique especially in electrical size measurement, electrical concentration
measurement, and electrostatic precipitation.

The charging state of aerosol particles of known diameter is often measured using a
combination of electrical classification and a particle detection instrument. The detection
instruments have been limiting the size range of minute-scale measurements to small
sub-50 nm particles (Maricq 2004) or to large optically detectable particles (Emets et al.
1991, Vishnyakov et al. 2016). The intermediate size range from approximately 50 to
300 nm has been covered with a method utilizing dual electrical classification (Kim et al.
2005, Maricq 2005), which is a slow method with a measurement duration of tens of
minutes. Therefore, a single charge measurement method, which is fast and operates in
the size range from nanometers to micrometers, would be highly beneficial.

Inhalers produce charged particles. Advanced measurement methods have been
capable of measuring either the size fractioned net charge (Kwok and Chan 2008) or the
bipolar charge from the entire aerosol (O'Leary et al. 2008) but not the both polarities as
a function of the particle size. The lung deposition is a function of both size and charge.
Hence, a method capable of measuring both polarity particles as a function of the particle
size would provide the information needed in the development of inhalers and inhalable
pharmaceuticals.

Accurate particle concentration measurements are only possible if instruments are
calibrated, i.e. the instrument reading is compared to a reference, which is traceable to
the base units of the International System of Units (Systeme International, Sl). Aerosol
instruments measuring particle concentration operate in a wide size range. Some
instruments are capable of measuring particles close to 1 nm in diameter (e.g. Vanhanen
etal. 2011, Kangasluoma et al. 2015, Hering et al. 2017) and some instruments measure
particles with a diameter exceeding 10 um (e.g. Baron 1986). Simultaneously, particle
number concentration may vary from less than 1 1/cm? to over 108 1/cm®. From the
calibration point of view, both the wide size and concentration ranges are challenging.

Calibrations have been traditionally conducted with charged particles in the size range
below 100 nm. Particles are introduced to the instrument and to the reference, which is
an electrically measured filter. The electric current from the filter is used as a reference
signal for the particle number concentration. With careful particle generation, the size
range of this electrical method has been previously extended up to 1 um (Yli-Ojanpera
et al. 2012). At sizes above 1 um, calibrations have been based on optical detection of
particles or highly controlled generation of particles (lida et al. 2014). These methods
cannot be used at high particle concentrations. As a result, some instruments cannot be



calibrated using present methods. A single calibration setup operating from nm-range to
pm-range with high maximum particle concentration and high accuracy would enable
calibration of various types of instruments.

1.1 Research objectives and scope of the thesis

The two major objectives of this thesis were:

e To develop a particle charge measurement technique with a size range from
nanometers to micrometers, and an instrument for analyzing bipolar charge from
inhaler-generated particles.

e To develop an aerosol instrument calibration method covering a wide size range
from nanometers up to micrometers.

The first objective is approached by developing two new charge measurement methods.
The method utilizing the Differential Mobility Analyzer (DMA) and the Electrical Low
Pressure Impactor (ELPI), was first developed and then evaluated in the size range from
30 to 800 nm (Paper II). Such a size range has not been achievable with any single
method. The challenge in developing the DMA-ELPI charge measurement method is
how to combine the electrical mobility classification to the ELPI size and concentration
measurement. The method must be also tested by measuring response to particles of
known size and charge. Another new charge measurement technique was developed for
pm-sized inhaler-generated particles. A new commercial instrument utilizing this
technique, BOLAR, was introduced and characterized (Paper Ill). Previously, there has
not been an instrument available for such an application. Inhalers produce particles
during short bursts, which requires a fast real-time measurement with parallel
measurement channels. These channels contain components that must be
characterized experimentally, which is a laborious task.

The second objective of the thesis takes its motivation from the practical need in the
calibration of wide size range instruments (e.g. Yli-Ojanpera et al. 2012). Calibration of
an aerosol instrument with multiple different reference methods in a conventional way is
both challenging and time consuming. This was the case of the ELPI+ calibration (Paper
1). To simplify the calibration procedure and to increase the calibration accuracy, a new
primary calibration system was developed to cover a particle size range from 3.6 nm to
5.3 um (Paper 1V). Similar size range has been previously covered only by multiple



methods with lower particle concentrations in the um sizes. The main challenge in the
development is in the um-size range. The setup requires a custom DMA, as commercial
instruments are not available for this size range. The DMA dimensions must be large if
pm-sized particles are classified using reasonable flow rates. The construction is difficult
because the manufacturing tolerances are small compared to the size of the DMA. The
electrical calibration requires splitting of the aerosol flow between the instrument and the
reference. This must be constructed in a way that particle losses are small and equal for
the instrument and reference lines. The operation of all these components must be also
verified experimentally.

The following Chapter 2 introduces the theoretical background of the aerosol
instrumentation applied in this thesis. Chapter 3 focuses on conventional calibration
methods, and includes the calibration of the ELPI+ as this instrument is later used in the
charge measurements. Chapter 4 concentrates on particle charge measurement
methods, and includes introduction and evaluation of the DMA-ELPI charge
measurement method and the BOLAR instrument for studying charge distributions of
inhaler-generated particles. In Chapter 5, primary calibration of aerosol instruments is
first discussed. Then, the developed calibration system is introduced, evaluated, and
applied in an example calibration. The final Chapter 6 contains a summary and outlook
of the research topic.



2 Aerosol instrumentation

This chapter introduces the background of the main aerosol instrumentation techniques
applied in this thesis. First, the main electrical instrumentation techniques are explained
including particle charging and chargers, particle size classification and electrical
detection methods. Instruments utilizing these techniques are also introduced, and a
brief overview is given to the particle generation methods relevant to this thesis.

2.1 Particle charging and chargers

In diffusion charging, particles acquire electric charges through collisions with free gas-
phase ions. Gas-phase ions are generated by ionizing the carrier gas, which is often air.
Production of an ion pair in air requires on average 32 eV of energy (Loeb 1955). In
nature, sources for this amount of energy include cosmic rays and radiation from the
ground in large scale (Tammet 2007). In instruments, e.g. radioactive sources, electric
discharges and X-rays can produce this level of energies. The radioactive ion sources
include for instance a-active ?**Am and 2°Po, as well as B-active %*Ni and 8Kr (Flagan
2001). As the transportation of radioactive material is restricted, X-ray sources are used
to substitute radioactive ionization in aerosol charging (e.g. Shimada et al. 2002) but the
radioactive charging has remained as the standard ionization method in aerosol
instruments. Some instruments utilize ionization with an electric discharge, often a
corona discharge.

Simplified schematics of a bipolar charger based on the radioactive source and a corona
charger are presented in Figure 2.1. Radioactive bipolar chargers are simply aerosol



chambers containing a- or B-active sources. The radiation from the source ionizes the
gas in the chamber. The ionization process produces both positive and negative ions,
which diffuse onto particles. As both ion polarities are present, radioactive chargers
provide bipolar charging. In corona chargers, the charging ions are produced by an
electric discharge from a high voltage electrode. The discharge occurs when the electric
field around a sharp object, in this case a corona wire or a corona needle, exceeds the
gas dielectric strength. The discharge in the electrical breakdown region produces the
ions. Due to the electric field, the electrode collects ions having an opposite polarity to
the electrode, while the ions with the same polarity drift away from the corona electrode
and participate in the charging process. As the charging ions are unipolar, the corona
charger provides unipolar particle charging. The ions charge particles mostly by diffusion
process but the electric field may also contribute through field charging process. There
are various corona charger constructions (Intra and Tippayawong 2011), and from these,
a needle type construction is presented in Figure 2.1.

Bipolar charger Corona charger

— L . e Positive ion
{ 2lonizationregion T T T e lon path

¢ Negative ion

Figure 2.1 lllustration of a radioactive bipolar charger and a unipolar corona charger
(needle type with positive polarity). The arrow indicates the flow direction.

Diffusion is the prevailing charging mechanism for nanoparticles. In electrical aerosol
instrumentation, a well-known charge distribution is often crucial. The stationary bipolar
charge distribution is calculated according to Fuchs (1963) limiting sphere model, which
is complex, and has been approximated by Wiedensohler (1988). The approximation is
in a form of

{ (=102 @

where f is the fraction of particles, n the number of elementary charges, a the
approximation coefficient and D, the particle diameter in nm. The Equation 1 is defined



for stationary case, which is achieved if the concentrations of both polarity ions are equal
and the ion concentration is high enough compared to the residence time in the charger.
If particles are initially charged or the ion concentration is not significantly higher than
the particle concentration, the equation may not predict particle charge accurately (de La
Verpilliere et al. 2015).

The unipolar corona charging is a more complicated process to represent mathematically
than the bipolar diffusion charging. Theoretical models (e.g. Biskos et al. 2005a, Domat
et al. 2014) have been used to describe the operation of the corona charger. These
models use the product of the ion concentration and the residence time as an input
parameter. Evaluation of this parameter is challenging, which limits the use of these
models. Therefore, experimental verification of a corona charger is often required.

The charge distributions of bipolar and corona charger differ significantly as shown in
Figure 2.2. The bipolar charger produces low levels of charge. The fraction of uncharged
particles is high even at 100 nm diameter and fractions of singly and doubly charged
particles are rather low. For instance, the maximum fraction of positively singly charged
particles is only 23 % at 100 nm diameter. The unipolar corona charger, analyzed by
Kaminski et al. (2012), provides significantly higher charge than the bipolar charger, and
the amount of multiply charged patrticles increases significantly as the particle diameter
increases.

1 Bipolar 1 Corona
N
? 1
E
@ 0.1 3 0.1
S 2
o
0.01 0.01
1 10 100 1 10 100
Dp (nm) Dp (nm)

Figure 2.2 Charge distributions of positively charged particles for a bipolar charger
according to Wiedensohler (1988) approximation and for a specific corona
charger according to Kaminski et al. (2012) model. The lines represent the
probability of the corresponding charge given as a number of elementary
charges per particle.



A term charging efficiency is used to describe the operation of an aerosol charger. There
are several different definitions for the charging efficiency (Marquard et al. 2006), which
express the proportion of the charged particles. However, the proportion of the charged
particles does not describe the current carried by particles, because the current depends
also on the magnitude of the particle charge. Thus, the output of the corona charger is
evaluated by measuring the current carried by the particles I, which may be expressed
with a rather simple equation

I =PnNeQ, (2)

where P is the penetration of particles through the charger, n the average number of
elementary charges per particle, N the inlet number concentration, e the elementary
charge and Q the flow rate through the charger (Marjamaki et al. 2000).The Pn is
dimensionless and particle size dependent value describing charger operation. It is often
approximated with a power function

Pn=a-D°, (3)

where a and b are fitted parameters for a certain size range. The b typically ranges
between 1 and 1.5 at 100 nm particle diameter depending on the charger construction
to some extent.

The charging state of particles is often expressed through the number of elementary
charges per particle n. In this thesis, this value may refer to a characteristic non-integer
value of a particle distribution (e.g. Equation 2), to a hon-integer value used to express
charge distributions (e.g. Figure 4.4) or to an exact integer value defined for single
particles (e.g. Equation 4).

2.2 Size classification

The following paragraphs introduce principles of the electrical mobility classification and
aerodynamic classification in an impactor, which are the principal size classification
methods in this thesis.

Electrical mobility analysis classifies charged particles according to their electrical
mobility Z, which is linked with the particle diameter D, through an equation
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where n is the number of elementary charges per particle, e the elementary charge, Cc
the slip correction factor and ng the viscosity of the carrier gas (Flagan 2001). In particle
size analysis, the particle diameter Dy is solved from Equation 4 but this equation allows
also the determination of the particle charging state, which is obtained by solving the n
from this same equation.

Electrical mobility analysis is possible through using various flow and electrode
configurations (Tammet 1970). The following paragraphs introduce the two electrical
mobility analyzer constructions, which are used in this thesis.

Integrating (zero-order) analyzer (e.g. Tammet 1970) consist of two electrodes as
illustrated in Figure 2.3A. One electrode is at high potential and the other one at low
potential, which generates an electric field between the electrodes. This electric field, in
combination with the flow, classifies particles according to their electrical mobility and
polarity. As such, this device is an electrostatic precipitator (ESP), which only removes
charged particles. However, this construction turns into an instrument when electric
current is measured from at least one of the electrodes that collect the particles.

Nowadays, the normal electrical classification instrument is the Differential Mobility
Analyzer (DMA, Knutson and Whitby 1975), which is an instrument capable of selecting
a certain electrical mobility band. The operation principle of a cylindrical DMA is
illustrated in Figure 2.3B. DMAs are operated with two input flows and two output flows.
The polydisperse input flow contains the particles to be classified. A high voltage
electrode generates an electric field in the classification region. This electric field pulls
charged particles towards the central electrode through the particle-free sheath flow.
Only the particles having the correct electrical mobility can be extracted from the slit in
the central electrode. Too high electrical mobility causes patrticles to collide on the central
electrode and too low mobility particles do not drift close enough the slit to be extracted
into the monodisperse flow.
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A) Integrating analyzer

~~ Ppositively charged particles P Polydisperse flow —— Particle trajectory
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E Excess flow L Length of the classification region

Figure 2.3 Integrating analyzer (A) and DMA (B). The patrticle trajectories are given for
negative high voltage. The particle trajectory in figure (B) is illustrated for
particles having an electrical mobility in the DMA pass band.

Ideal transfer functions of an integrating analyzer and a DMA are shown in Figure 2.4.
Integrating analyzer (e.g. Tammet 1970) has a distinct critical mobility Zc. If the particle
electrical mobility is higher than this, the analyzer collects all the patrticles. If the particle
mobility is lower than the critical mobility, the analyzer transfer function depends on the
particle electrical mobility. The transfer function of the DMA (Knutson and Whitby 1975)
differs significantly from the integrating analyzer. The DMA has a specific pass band at
a certain electrical mobility. In the ideal case, the width of the transfer function depends
on the flow rates. In both analyzer types, the real transfer functions are affected by
inconsistent flow rates in the classification region and diffusion, which affects especially
small sub-10 nm particles and ions. Often, the real transfer functions resemble the ideal
ones but the sharp corners of the transfer functions are rounded.
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A) Intergrating analyzer
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Figure 2.4 Ideal transfer function of an integrating analyzer (A) and a DMA (B). Z. refers to
the critical mobility, Z* to the central mobility of the pass band and Zrwhm to the
width of the DMA transfer function (Full Width Half Maximum). Modified from
Tammet (1970) and Knutson and Whitby (1975).

In both analyzers, the measured electrical mobility is a function of dimensions, voltage
and flow rates. Often the measurement of the mobility spectrum is achieved by changing
the voltage, while the dimensions and flow rates are kept constant.

For a cylindrical DMA, the midpoint of the mobility pass band Z* is calculated from an
equation

77-2+Q R (5)
47LV R

where Qs is the sheath flow rate, Q. the excess flow rate, L the length of the classification
region, V the classification voltage, R1 the inner radius of the classification region and R;
the outer radius (Knutson and Whitby 1975).

Equations 4 and 5 link the instrument parameters to the particle diameter and enables
the electrical-mobility-based patrticle size analysis. The challenging factor is that the
number of elementary charges per particle must be known accurately as the measured
electrical mobility is directly proportional to this quantity.

The importance of the particle size analysis has led different research groups to develop
special DMAs. Winkimayr et al. (1991) developed series of DMAs, which operate in
different size ranges. Chen et al. (1998) developed a DMA for small particles from 3 to
50 nm. After this, DMAs have been designed for even smaller particles, clusters and ions
(e.g. Rosser and Fernandez de la Mora 2005).
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Aerodynamic classification measures particle aerodynamic diameter D, which can be
calculated from equation

C 3 0 3
D.=D ¢ L 6
: p[Cc,aj (poj ©

where C. is the slip correction factor according to the particle diameter, Cca the slip
correction factor according to the aerodynamic diameter, p, the particle (effective)
density, and po the unit density of 1000 kg/m?® (Baron and Willeke 2001).

Impactor is a device, which collects particles according to their aerodynamic diameter
(Marple and Olson 2011). The operation of a single jet impactor is shown in Figure 2.5.
Particles are accelerated in a nozzle, and the jet from the nozzle hits the collection plate.
Large or heavy (high density) particles impact the collection plate due to their large
aerodynamic diameter, whereas small or light (low density) particles follow the gas flow
and are not collected.

Figure 2.5 lllustration of a single jet impactor stage collecting particles according to their
size.

The collection efficiency of a single impactor stage can be represented with a collection
efficiency curve (e.g. Marjamaki 2003, Arffman 2016), see Figure 2.6. Ideal impactor has
a certain cut diameter Dso given as an aerodynamic diameter. Particles larger than this
are collected by impaction and particles smaller than this pass the stage. In a real
impactor, there is some patrticle collection below the cut diameter, and above the cut
diameter, some of the particles are not collected. As a result, the collection efficiency
curve has often an S-shape. The main characteristic of the cut curve is the cut diameter
Dso, which is the aerodynamic diameter with a 50 % collection efficiency. Around the cut
diameter, particles are collected by impaction, but impactor collects particles also by
other means than impaction, for instance by diffusion and electrostatic effects (Virtanen
et al. 2001). This secondary collection efficiency, now discussed from the diffusion point
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of view, occurs only at small particle sizes, as the diffusion of large particles is minimal.
Impactor classifies particles according to their aerodynamic diameter but the secondary
collection efficiency by diffusion depends principally on the particle diameter, not the
aerodynamic diameter. Additionally, if the particle is significantly larger than the cut
diameter, it may bounce from the collection plate. Bouncing may also occur around the
cut diameter, and various techniques including for instance coating of the collection
substrates with adhesive material are used to prevent this (Chang et al. 1999).

Diffusion: Impaction:
Secondary collection Primary collection
efficiency efficiency

Collection efficiency

Figure 2.6 Characteristic collection efficiency curve of an individual impactor stage.
Impaction depends on the particle aerodynamic diameter Da, and the Dsg refers
to the stage cut diameter. Secondary collection efficiency due to diffusion
depends principally on particle diameter Dy, not on aerodynamic diameter Da.
Modified from Marjamé&ki (2003) and Arffman (2016).

In a cascade impactor (May 1945), multiple impactor stages with different cut diameters
are assembled in series with decreasing cut diameter as shown in Figure 2.7. In an ideal
cascade impactor, the first stage collects patrticles larger than the stage cut diameter.
Then, the following stage collects particles larger than its cut diameter. Now, size range
collected by the second stage is from its cut diameter to the cut diameter of the first stage.
This continues until the last stage. In a real case, the collection efficiency curve of each
stage is not sharp as discussed previously. The effect of non-ideal collection
characteristics and the effect of previous stages is taken into account in the kernel
functions, also illustrated in Figure 2.7. The kernel function k for stage i is calculated from
equation
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ki(Da):Ei(Da)H[l_Ei(Da)]’ (7)

j=i+l

where E is the collection efficiency curve, D, the aerodynamic diameter, j the index
number and N the total number of stages (Marjaméaki et al. 2003).
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Figure 2.7 Example of a three-stage cascade impactor and its kernel functions. Each line
represents the collection efficiency of the particular stage as a function of
aerodynamic diameter Da.

Impactors are widely used instruments, especially in the analysis of um-sized particles
but they are also used to study particles in sub-um size range. For instance in air quality
measurements, the mass-based values, PM.s and PMy, are often measured using
single stage impactors, which remove particles above the corresponding size ranges
while the fraction passing the impactor is analyzed. Some extensively used impactors
include for instance the Andersen cascade impactor (Andersen 1958), the Berner Low
Pressure Impactor (BLPI, Berner et al. 1979), the Micro-Orifice Uniform Deposit Impactor
(MOUDI, Marple et al. 1991), and the Electrical Low Pressure Impactor (ELPI, Keskinen
et al. 1992, Marjaméki et al. 2000).
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2.3 Electrical detection

Electrical detection of particles relies on the conservation of electric charge. A flow of
particles, with a net charge, represents an electric current. These particles can be
collected using different techniques illustrated in Figure 2.8. A simple electrically isolated
conductive plate where particles are collected is one option (Figure 2.8A). It is used for
instance for ion detection in mass spectrometers, ion mobility spectrometers and in
specific DMAs (e.g. Muccio and Jackson 2009, Flagan 2001, Tammet et al. 2002).
Impactors have also been equipped with electrically isolated collection plates, which
enable electrical measurement of the collected particles (Tropp et al. 1980) or the
calibration of the impactor (Hillamo and Kauppinen 1991).

The impactor construction can be realized in a way where the jet plate and the collection
substrate form a Faraday cage (Keskinen et al. 1992), see Figure 2.8B. The operation
of such a device is based on the Gauss's law. When a charged patrticle enters the
Faraday cage connected to the ground potential, the Faraday cage shadows the original
electric field from the charged particle by moving electric charge from the ground
potential. For instance, if one positive elementary charge enters the Faraday cage, one
negative elementary charge is taken from the ground potential to shadow the electric
field. Highly sensitive ammeter, often named as an electrometer, is used to measure this
electric current between the Faraday cage and the ground potential. The advantage of
the Faraday cage construction is that electrical conductivity inside the Faraday cage is
not needed as the current is generated when the charge enters the Faraday cage.

Impactors collect particles only at certain size range, and particles, which are not
collected inside the Faraday cage, do not generate electric current in the case of the
stable particle concentration. If all particles need to be collected, a filter can be installed
inside the Faraday cage, which is a construction known as a Faraday Cup Aerosol
Electrometer (FCAE, Liu and Pui 1974), see Figure 2.8C. If the filtration efficiency is high,
the patrticle losses in the FCAE inlet are low, the flow rate is known accurately, and the
particle mean charge is known precisely, the FCAE acts as a precision concentration
reference, which links the electric current to the particle concentration.
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A) Electrical collection plate B) Faraday-cup impactor stage C) Faraday-cup filter
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Figure 2.8 lllustration of the collection and measurement of charged particles by detecting
the electric current.

In the previously mentioned methods, the electric current is measured from the collection
plate or from the Faraday cage using an electrometer. In this case, electrometer
(ammeter-type) refers to an electric circuit, which amplifies the small electric current,
often in the fA to pA range to easily measurable voltage. Modern electrometers are
constructed around monolithic low input bias operational amplifiers. Electrometers utilize
a feedback circuit, composed of a high-ohmic (GQ to TQ) resistor, forming a resistive
feedback circuit (e.g. Aplin 2000), or a capacitor, forming a capacitive feedback circuit
(Keithley 2004). In the case of resistive feedback, the output voltage is proportional to
the input current and in the case of the capacitive feedback, the output voltage is
proportional to input electric charge.

2.4 Electrical aerosol instruments

Electrical aerosol instruments combine the measurement methods described above:
particle concentration instruments combine charging and electrical detection, while in the
particle size spectrometers, aforementioned techniques are supplemented with particle
size classification.

Particle concentration sensors, based on unipolar charging, measure a signal that can
be expressed with the Pn value (Equations 2 and 3). Response to the number
concentration is linear and response to the particle diameter is proportional to ~Dp''-5.
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Often, electrical particle sensors rely on a corona charger and detection of particles in a
FCAE but some sensors utilize non-collecting detection techniques based on change in
the average charge of particles. Examples of electrical particle concentration sensors
are for instance, the Electrical Aerosol Monitor (Lehtimaki et al. 1983), the Electrical
Aerosol Detector (EAD, Johnson et al. 2002) or its refined version the Nanoparticle
Surface Area Monitor (NSAM, Fissan et al. 2007), the PPS-M (Rostedt et al. 2014), and
the Partector (Fierz et al. 2014). Electrical particle sensors are useful devices in
measuring concentration levels. In some cases, their size response can be tuned to
provide some size classification capabilities by adjusting the ion trap voltage.

Measurement of the particle size distribution requires particle size classification. In case
of the charge-conditioned particles, the size distribution measurement may be realized
based on the particle electrical mobility with a DMA and a Condensation Particle Counter
(CPCQC). As the particles in the DMA output are charged, electrical detection with a FCAE
is an alternative option for particle detection (e.g. Winklmayr et al. 1991). In both cases,
the DMA voltage, and the associated particle size, is either altered in steps as in the
Differential Mobility Particle Sizer (DMPS, ten Brink et al. 1983) or in a scanning manner
as in the Scanning Mobility Particle Sizer (SMPS, Wang and Flagan 1990), while the
detector records particle concentrations producing the size distribution. The electrical
detection may also be realized by collecting particles directly onto electrically measured
rings in the classification section (e.g. Tammet et al. 2002, Jonson et al. 2004, Biskos et
al. 2005b).

Alternatively to electrical classification, diffusion separation onto diffusion screens has
been combined with electrical detection of particles (Fierz et al. 2002). This was
developed into a handheld patrticle sensor Disc-Mini (Fierz et al. 2011) consisting only of
a single electrically measured diffusion stage and an electrically measured filter stage.

The size classification is possible also in an electrically measured impactor (Troop et al.
1980, Keskinen et al. 1992). The principle of the Electrical Low Pressure Impactor (ELPI)
was introduced by Keskinen et al. (1992). The ELPI combines a corona charger and a
cascade impactor. First, particles are charged using a unipolar corona charger. Then,
particles are led into a cascade impactor. The impactor composes of electrically isolated
impactor stages, which form Faraday cages that surround the particles. Particles are
collected as in normal impactor, according to their aerodynamic diameter. First stage
collects the largest particles and the last stage collects the smallest particles. The charge
of the collected patrticles is detected with a multichannel electrometer, which measures
electric current from individual stages.
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2.5 Aerosol generation

As there are numerous aerosol generation methods available, the discussion in the
following paragraphs is limited only to the main methods used in this thesis. The three
main particle generation methods applied are all illustrated in Figure 2.9.

The Vibrating Orifice Aerosol Generator (VOAG, Berglund and Liu 1973) produces
particles in the um size range. The version introduced here is a modification of the
original VOAG. Solution containing dissolved particle material is pumped into the device
with a syringe pump. The solution enters first into a chamber, which has a small (diameter
from a few um up to a few tens of um) interchangeable orifice leading into the gas flow
line. Droplets are generated when the liquid flows through this small orifice. Highly
monodisperse particles are formed when a piezoelectric ceramic produces controlled
pressure pulses through changing the volume of the chamber containing the liquid.
Dispersion air is fed close to the newly formed droplets, and the mixed droplet-dispersion
flow is led through a dispersion orifice, which generates the aerosol. This is
supplemented with an additional dilution flow. The initial droplets coming out of the orifice
are large, often tens of um in diameter. The final particle size in the um size range is
achieved when the solvent from the droplets evaporates. The droplet generation method
produces often highly charged particles. Particle charge levels are reduced by subjecting
them to bipolar ions, which are generated with a radioactive source, in this case by a-
radiation from 2*!Am. One of the VOAG advantages is that the particle size can be
derived from the operating parameters: frequency, feed rate, and concentration of the
liquid. It is beneficial to monitor the VOAG operation as it works only in the certain
envelope, and outside this, particles are not necessarily monodisperse.



19

VOAG ECG
Wide size
Signal | Electrical Dilution Adlstnbutlon
generator | signal air
L
. ¢ Airin
Dispersion .
. : Heating
air ;
° jacket _
| Syringe pump | 1 Evaporation
| Solvent = DEHS
i evaporation Nebulizer
A Nucleation and
Cooling air ||l condensation
i
¥ Narrow
Generator output Generator output * size
distribution
SCAR

Preheater Saturator Reheater

Nucleation and

Evaporation )
condensation
A Sheath
(" Dilution A
A _ Seed Condenser
Bipolar DMA particles
Tube charger (Singly
furnace charged) ]
Singly charged
particles
E
xcess v Excess r—— e — — |
Sheath
NaCl
solution
Atomizer

Excess Singly (_:harged
particles

[

[

[

[

[
Optional : DMA

[

|

[

[

|

[
Figure 2.9 General illustration of particle generation setups used in this thesis including the
VOAG (modification of the Berglund and Liu 1973 generator), the ECG

(modification of the Liu and Lee 1975 generator) and the SCAR (Yli-Ojanpera et
al. 2010b).
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The Evaporation Condensation Generator (ECG) is a modification of the "An Aerosol
Generator of High Stability" (Liu and Lee, 1975). In the modified version Diethylhexyl
Sebacate (DEHS) is nebulized into a carrier flow. The aerosol size distribution is wide
and particles are large at this point. The flow is led into a heated tube, where particles
evaporate. This flow is cooled rapidly with a dilution air, which initiates nucleation. After
the particles are generated by nucleation, they grow larger by condensation. The patrticle
size distribution after the nucleation and condensation is narrower than the input
distribution, and it is possible to reach smaller particle sizes than with nebulization or
atomization.

The Single Charged Aerosol Reference (SCAR) is an aerosol generator introduced first
by Yli-Ojanpera et al. (2010b). It shares some of the principles reported earlier by Uin et
al. (2009) and by Sinclair and La Mer (1948). As a first stage, NaCl solution is atomized
and the formed NaCl particles are led into a furnace, where they are evaporated. The
hot NaCl vapor is cooled after the furnace with a nitrogen flow. Rapid cooling initiates
nucleation that produces particles with a median diameter of approximately 10 nm.
These NaCl particles are charged in a bipolar charger based on B-active 8°Kr source.
The bipolar charging produces neutral particles or particles acquire a single elementary
charge at this size range. Fraction of two elementary charges is minimal for 10 nm
particles (Wiedensohler 1988), which is also seen in Figure 2.2 (Chapter 2). The singly
charged 10 nm particles of either polarity, positive or negative, are selected with a DMA.
The DMA removes neutral particles and particles with other than the selected polarity.
Particles from the DMA output, acting as seed patrticles, are led into a preheater, which
increases the flow temperature and prevents nucleation, when the flow enters in the
saturator. In the saturator, DEHS is evaporated into the aerosol flow. Then the flow
enters the reheater, which is followed by condenser. In the condenser, aerosol cools and
the DEHS vapor condenses on all available surfaces including particles. As a result, the
seed particles grow into larger sizes, while the original electric charge is conserved. This
process generates singly charged particles that are significantly larger than the seed
particles. The particle size is adjusted by changing the saturator temperature, which
defines the DEHS vapor concentration. When large particles are generated, high DEHS
vapor concentrations may lead to homogeneous nucleation, which generates a mode of
neutral particles. These particles may be removed with an additional DMA coupled to the
output of the SCAR.
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3 Calibration of aerosol instruments

This chapter introduces conventional aerosol instrument calibration methods. More
specific electrical impactor calibration and charger calibration methods are discussed as
they are applied in the calibration of the new instrument, ELPI+ (Paper 1), which is also
included in this chapter.

3.1 Size calibration

Aerosol instrument size calibration refers to comparison of instrument size classification
result with a reference size. The reference size is obtained by using a reference
instrument or by challenging the instrument with particles of known size.

Spherical traceable size standard particles are readily available. These are typically
manufactured from polymers such as polystyrene (PSL). The capability to act as size
standards originates from traceable analysis of the produced particles. Although size
standard particles enable rather easy calibrations, they have some significant limitations.
Calibration at a specific size is often not possible because standard particles are
produced only at certain sizes. Another issue is the relatively small particle concentration
when particles are atomized or electrosprayed from a low concentration solution used to
prevent multiplet particles. Size standard particles are often dispersed in a solution. Non-
volatile compounds are often intentionally added to stabilize the particle solution, and
these affect the final aerosol particle size. Thus, the uncertainty of the final particle size
may be rather high, especially for small aerosol nanoparticles, and depends on the
applied aerosolization technique (Mulholland et al. 2001). Size standard particles are
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also rather expensive and they have a limited shelf life, which makes it non-desirable to
acquire all available sizes.

To produce distinct-sized calibration particles, a source of monodisperse particles is
needed. Some particle generators produce highly monodisperse particles, for instance
the VOAG (Berglund and Liu 1973, Figure 2.9), the Inkjet Aerosol Generator (IAG,
Bottiger et al. 1998, lida et al. 2014) or the recent modification of the VOAG, the Flow-
focusing Monodisperse Aerosol Generator (FMAG, Duan et al. 2016). In the case of the
VOAG or FMAG, the particle diameter can be calculated directly from the generator
operating parameters.

A polydisperse generator is suitable also for size calibrations if the output distribution is
classified into a narrow size range while the classifier acts as a size reference. Several
different particle generators are routinely used for generating aerosol distributions,
including atomizers, nebulizers, evaporation-condensation generators (Liu and Lee 1975)
or high temperature furnaces (Scheibel and Porstendérfer 1983). The normal procedure
is to charge condition the generator output aerosol in a bipolar charger and classify
particles using a DMA, which acts as a size reference through the definition of the
electrical mobility.

Whether the size is defined by the generator or the classifier, it is beneficial and a good
practice to ensure that the output size is correct. This is possible by analyzing particles
with a calibrated microscope or in the case of the classifier by challenging it with
traceable size standard particles. Size classifiers are calibrated by first aerosolizing size
standard particles, which are then bipolarly charged and introduced into the classifier
(Mulholland and Fernandez 1998). The DMA voltage is scanned over the produced peak
while a patrticle counter is used to detect particles. The standard size is then compared
with the calculated diameter of the detected peak.

Calibration of an impactor is an example of a size calibration. The calibration of an
impactor refers to the definition of the stage specific collection efficiency curves as a
function of particle diameter, which are illustrated in Figure 2.6 in Chapter 2. Impactor
collection efficiency curves are often steep, requiring narrow particle size distributions
with well-defined particle sizes. In the electrical characterization method (Hillamo and
Kauppinen 1991), the collection efficiency for a single impactor stage E is defined with
equation
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E=—»1—, (8)

where l; is the electric current measured from stage i and I the electric current measured
from a Faraday cage filter installed after the impactor stage.

In the case of electrical cascade impactors, as the ELPI+, the impactor itself can be used
as a reference (Keskinen et al. 1999). The electric current measured from the filter stage
in Equation 8 is now replaced with the total electric current measured from succeeding
stages. In this case, the collection efficiency is expressed through an equation

E=—\—, ©)

where I is the current measured from stage k. The numbering begins from the smallest
particle size and the case k=1 in Equation 9 refers to the electrical filter stage.

The collection efficiencies are measured for a limited number of particle sizes. A
continuous collection efficiency curve is achieved by fitting a suitable function to these
obtained values. Often a good fit is achieved with an equation

-1

DSO 2s
E= 1{?} , (10)

a

where Ds is the aerodynamic diameter of 50 % collection efficiency, also known as a cut
diameter, Dathe aerodynamic diameter and s the fitted steepness value (Dzubay and
Hasan 1990, Winkimayr et al. 1990).

Defining an impactor collection efficiency curve requires several measurement points per
stage, which is difficult or impossible with standard particles that have certain sizes. Thus,
a particle generator or a classifier with an accurate output size is used. However, the
size standard particles are useful, because they can be used to check the size calibration
at certain points.
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3.2 Detection efficiency calibration

Detection efficiencies of common aerosol instruments depend significantly on particle
size, and may depend on other factors such as particle concentration. The detection
efficiency is defined by calibrating the instrument concentration reading against a
concentration reference. A periodic calibration of the detection efficiency is often
conducted at the optimal particle size from the instrument point of view to ensure that
the instrument response has not changed. In such a case, the requirement for the particle
monodispersity is not very high. When new instruments are introduced, more detailed
calibrations are needed, including the definition of the detection efficiency as a function
of the particle diameter for instance. The latter case requires calibration particles with a
precise size, and the particle generation methods discussed earlier are used.

The principal idea of the detection efficiency calibration is to feed the instrument with a
known particle concentration. Generators producing certain well-confirmed particle
concentrations are rare, only lida et al. (2014) has described such a calibration setup.
The standard procedure is to produce the calibration aerosol with a generator, classify a
narrow size range from the generators distribution and split the classified aerosol
between the instrument and the reference. Depending on the setup, the reference may
be a ca