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Abstract

Aerosol particles interact with surfaces in different environments and applications. The
knowledge of fundamental surface interaction phenomena can be used to investigate the
structural properties of particles, describe the performance of different instruments, and
develop new applications. In this thesis, particle rebound from a surface as well as the
transfer of the electric charge during rebound and resuspension were studied. The research
was based on the experimental and numerical characterization of these surface interaction
phenomena. Along with the fundamental understanding obtained for the interaction
between aerosol particles and surfaces, new methods were developed and applied for
specific aerosols, such as fungal spores.

The critical velocity of rebound, which is the smallest incident velocity for a particle to
rebound, was determined in a wide particle size range combining the separate groups
of previous results. The main instrument developed during the research of this thesis,
a variable nozzle area impactor (VNAI), was used throughout the wide size range for
different particle and surface materials. The particle material was found to have a
significant effect on the critical velocity of rebound. On the contrary, the effect of the
surface material was observed to be much smaller, at least for the hard surface materials
studied in the experiments. Also the critical velocity for oblique impacts in the impactor
was characterized. It was found that the critical velocity of rebound significantly decreased
with the increasing obliquity of the impact. Based on the results of this thesis, the effect
of materials and obliquity on the critical velocity can be estimated quantitatively and
exploited in the development of new applications, such as impactors and collectors.

The triboelectric charge transfer during rebound was characterized for nanoparticles with
a new simplified method developed for an electrical low pressure impactor (ELPI). In
addition, the charge transfer was measured for fungal spores and standard test dusts during
rebound and resuspension. The results of this thesis showed that the triboelectric charging
of particles during resuspension correlated with the triboelectric charging during rebound.
Spores of different fungal species were found to obtain both positive and negative charges
from substrates of different materials. The information on the triboelectric charging
and rebound behavior can be used for predicting the particle dynamics in different
environments and designing new applications, for instance, in ventilation and filtration
systems.
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1 Introduction

The idea of an elastic ball traveling around a room and rebounding from the walls is often
associated with molecules to describe the kinetic theory of gases. Even if the world of
molecules is far beyond the world of macroscopic objects, the principles of the interaction
with a surface are basically the same. The simple interaction between a spherical object
and a surface is one of the most fascinating problems in physics. Even if the problem
is easy to understand, it may not be easy to characterize by means of theoretical and
experimental physics. Between the macroscopic and molecular worlds, there is the area
of aerosol particles with four magnitudes of particle sizes. Aerosol particles are known to
adhere easily on surfaces but they may also rebound. In the wide size range of aerosol
particles, the challenges are many, but we are on the way to combine the world of molecules
to the world of macroscopic objects.

In aerosol physics, particle rebound from a surface has often been considered as an
unwanted phenomenon causing artifacts in inertial impactors (Chang et al., 1999; Dzubay
et al., 1976), reduction of the collection efficiency in filtration (Heim et al., 2005; Hubbard
et al., 2014), and triboelectric charging of particles in medical inhalators (Matsusaka
et al., 2010). Recently, particle rebound has also been recognized as a significant source
of uncertainty in aerosol mass spectrometers (Kang et al., 2015). In order to prevent
the unwanted rebound in different applications, practical innovations and improvements
have been introduced, such as porous and greased substrates in impactors, as well
as different materials and geometries in filters and medical inhalators. Some of these
innovations and improvements would not have been realized without a strong know-
how and characterization of the particle rebound phenomenon. The development in
instrumentation may also in future lead to various applications where particle rebound
can be a problem. In order to solve the problems, profound knowledge of the phenomenon
is required.

Particle rebound has also been utilized in different applications. Virtanen et al. (2010)
found an amorphous solid state of secondary organic aerosol (SOA) particles by investigat-
ing the bounce behavior of the particles in a cascade impactor. The discovery has led to
the development of more sophisticated methods to study the phase state of SOA particles
as a function of the relative humidity (Bateman et al., 2014; Saukko et al., 2012). The
phase state and viscosity of amorphous particles are important properties for atmospheric
aerosols because of their ability to act as cloud condensation nuclei. Recently, the research
has been turned into the chase of viscosity, where the measurement of particle rebound
has a significant role (Pajunoja et al., 2015). Another field of aerosol physics in which
the particle – surface interaction has been utilized to investigate particle properties is the
field of engineered nanoparticles. Froeschke et al. (2003) observed the fragmentation
of agglomerates and estimated the binding energies between primary particles in an
agglomerate. Similar studies were conducted more recently by Seipenbusch et al. (2007)

1



2 Chapter 1. Introduction

and Ihalainen et al. (2014). A quantitative analysis of the phase state and agglomerate
binding energy practically requires reliable determination of the particle impact velocity.
One of the typical pathways for an aerosol particle close to a surface is that the particle
first deposits and is later resuspended. Resuspension may occur as a result of mechanical,
aerodynamic, or electrostatic disturbance. Especially in indoor environments, resupen-
sion caused by everyday activities, such as walking or cleaning, is a significant process
affecting the concentration and dynamics of the particles. Experimental and theoretical
characterization of resuspension is not straightforward, and it has usually been studied in
specific conditions. For instance, the experimental setups for resuspension studies have
been designed to mimic human walking (Gomes et al., 2007) and natural wind (Nicholson,
1993). The similarities of the resuspension and rebound phenomena from the point of
view of triboelectric charge transfer have not been studied before.
The theoretical framework of this thesis is mainly formed by three previous studies.
Dahneke (1971) introduced the basic theory for the critical velocity of rebound that is
the smallest incident velocity with which a particle rebounds from a surface. John et al.
(1980) formulated the theory for the triboelectric charge transfer during rebound and
Wall et al. (1990) specified the theory of the critical velocity. Despite of the theoretical
knowledge, the rebound and charge transfer phenomena are very difficult to predict
in any case without experiments. The critical velocity of rebound has previously been
determined experimentally or using a combination of experimental and numerical methods
for micron-sized particles (Wall et al., 1990) and nanoparticles (Rennecke and Weber,
2013a). There is a substantial gap between these two sets of results with respect to the
particle size range and with respect to the order of magnitude of the critical velocity if
the values would be extrapolated to the same size range. Lack of knowledge also exists in
the experimental characterization of the charge transfer phenomenon. John et al. (1980)
investigated the phenomenon thoroughly for micron-sized particles but no data exists for
nanoparticles or bioaerosols.
Chapter 2 of the thesis presents the fundamental surface interaction phenomena for aerosol
particles including adhesion, rebound, resuspension, and charge transfer. The phenomena
are described from the theoretical point of view, as well as from an aspect of the previous
experimental knowledge. Both experimental and numerical methods were exploited in
the research of this thesis. These methods, including the test particle generation, are
described in Chapter 3. The results of this work are reviewed in Chapter 4 and concluded
with the final remarks in Chapter 5.

1.1 Aim and scope

The aim of this thesis is to provide new information on the fundamental aerosol physics
related to the surface interaction of particles. The research is mainly focused on the
phenomena of particle rebound and triboelectric charge transfer, the latter of which is
also connected to the resuspension of particles. Despite of its fundamental nature, the
thesis also includes characterization of specific indoor aerosols. The main objectives of
this thesis are listed below.

• To determine the critical velocity of rebound in a wide particle size range and
identify its dependency on the particle and surface materials.

• To analyze the triboelectric charging of fungal spores and nanoparticles during
resuspension and rebound from substrates of different materials.
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• To estimate the relevance of the critical velocity and triboelectric charging for
instrumentation and indoor environments.

The first objective was partly realized in all publications of this thesis. Paper I introduced
a method with which the critical velocity of rebound could be estimated for polydisperse
aerosols in the nanoparticle size range. In Paper II, the critical velocity was more
accurately determined for silver particles in a wide sub-micron size range. Paper
III revealed the effect of different surface materials and Paper IV presented the critical
velocity for fungal spores.

The second objective regarding the triboelectric charging was realized in Paper I and IV.
The charge transfer of sodium chloride and levoglugosan nanoparticles during rebound
in an impactor was characterized in Paper I. More profound study on the triboelectric
charging of particles was carried out in Paper IV for micron-sized particles, such as
fungal spores, and different surface materials.

The last objective of this thesis was directly connected to Paper I and IV that brought
out the aspect of instrumentation and indoor environments, respectively. Furthermore, the
last objective was partly realized also in Paper II and III, as well as in the introduction
part of the thesis.





2 Surface interaction phenomena

In this chapter, the surface interaction of aerosol particles is reviewed. The interaction can
be understood through four basic phenomenon which are adhesion, rebound, resuspension,
and charge transfer (see Figure 2.1). Adhesion is the basis of the particle– surface
interaction and it is also involved in rebound and resuspension. An adhesion force Fadh,
arising from the molecular interaction of a particle and a surface, affects the particle in
the adhesion force field within a distance h from the surface. In order to rebound or be
resuspended, the particle has to escape from the adhesion force field. Triboelectric charge
transfer between the particle and the surface may occur during rebound or resuspension.

Adhesion

h

Fadh

Rebound

Resuspension Charge transfer

+ +

− − 

Adhesion
force field

Air flow

Mechanical/electrostatic 
disturbance

+
+

Figure 2.1: A schematic of the surface interaction phenomena introduced in this chapter. The
light-gray area represents an adhesion force field within a height h from the surface, where an
adhesion force Fadh affects the particle.
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6 Chapter 2. Surface interaction phenomena

2.1 Adhesion

The definition of adhesion may vary between different applications and different fields of
physics. According to Mittal (1975), adhesion is the sticking together of two similar or
dissimilar materials. Other definitions restrict it to the case of two dissimilar materials.
Many applications, such as adhesive tapes and glues, aim at maximizing the effect of
adhesion. If there is strong adhesion between two materials or objects, the adhesion force
Fadh is significant and the objects are firmly stuck together. The adhesion force can be
measured by searching the minimum force required to separate the objects. Another
quantitative approach to adhesion arise from the work done by the adhesion force and
the adhesion energy. The work for an object on a surface can be written as (Mittal, 1975)

W =
∫ h

0
Fadh(z)dz (2.1)

where z is the distance from the surface and h is the height of the adhesion force field.
The work defined through this equation equals the adhesion energy Eadh. The height of
the adhesion force field may depend on the materials and objects involved but, for aerosol
particles, it is in the order of a few atomic layers (Hinds, 1999). Even if the adhesion
force and energy are conceptually effortless to understand, there are numerous different
theories trying to explain the interaction. The theories can be based on the analysis of
macroscopic, microscopic, or molecular phenomena, and applications may require the use
of several levels of theories (Ebnesajjad, 2006).

Aerosol particles adhere easily on different surfaces. This is a feature that distinguishes
aerosol particles from molecules and macroscopic objects (Hinds, 1999). Gas molecules
are known to rebound from surfaces, whereas the forces affecting macroscopic objects,
such as the gravitational force, are often stronger than the adhesion force. In aerosol
physics, adhesion is important for many applications. Many types of filters and collectors
have been based on the tendency of aerosol particles to adhere on surfaces (Dzubay and
Barbour, 1983; Miaskiewicz-Peska and Lebkowska, 2012). Recently, the role of adhesion
has become more important in the field of engineered nanoparticles, where the properties
of surfaces can be changed with various nanoparticle coatings. The functional coatings
may be, for example, hydrophobic or hydrophilic (Stepien et al., 2011).

The most important adhesion forces affecting aerosol particles are the London–van der
Waals forces. They are electrostatic intermolecular forces arising from the movement
of electrons that may result in positively or negatively charged regions or poles in
molecules. Due to the work of R. S. Bradley and H. C. Hamaker in the 1930s, an
expression for attractive force and energy between two spheres was integrated and formed
(Hamaker, 1937). Adapting the notation of Dahneke (1971), the depth of the potential
well corresponding to the adhesion energy for two spheres with diameters d1 and d2
adhering to each other is given by

Eadh = Ad

12z0
(2.2)

where A is the Hamaker constant and z0 is the equilibrium separation distance of the
spheres. The dimension d is the ratio d1d2/(d1 +d2) and it represents directly the diameter
of a sphere on a flat surface for which d2 →∞. The separation distance arising from the
surface roughness of the spheres or surface may change during the adhesion process but
it is usually assumed to be 0.4 nm (Hinds, 1999). According to Kleman and Lavrentovich
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(2003), typical values for the Hamaker constant are in the range of 0.4–4× 10−19 J. The
Hamaker constant values for different material pairs can be calculated using the Lifshitz
theory and experimentally determined dielectric properties of materials (Bergström, 1997).
However, only a limited amount of data exists for different material pairs and the values
have not been proven to be applicable to the interaction of aerosol particles and surfaces.
In addition to the London–van der Waals forces, two other mechanisms may have an
effect on the adhesion of aerosol particles. The first mechanism is based on the attractive
electrostatic force between a charged particle and the image charge generated to a surface.
The other one arises from the surface tension of the water remained between a particle
and a surface. However, these mechanisms are significant compared to the London–van
der Waals forces only for highly charged particles and ambient conditions above 90%
relative humidity, respectively (Hinds, 1999).

2.2 Rebound

Even though aerosol particles are inclined to adhere, they may also rebound from surfaces.
A theory for particle rebound was introduced by Dahneke (1971). The basic idea in
the theory is that the sum of the initial kinetic energy and the potential energy of the
adhesion force field, reduced by the energy losses during the impact, has to be larger than
the adhesion energy for a particle to rebound. Generally, the potential energy seen by the
incoming particle may differ from the potential energy seen by the rebounding particle.
The energy balance equation on the capture limit can be written as

(Ek,i + Ep,i)CR
2 = Ep,r (2.3)

where Ek,i is the kinetic energy of the incoming particle, Ep,i is the potential energy seen
by the incoming particle, Ep,r is the potential energy seen by the rebounding particle
and CR is the coefficient of restitution. In this notation, the coefficient of restitution can
be considered as a ratio of the normal rebound velocity and the normal impact velocity
relatively close to the surface compared to the height of the adhesion force field.

Dahneke (1971) assumed that the potential energy seen by the incoming particle is the
same for the rebounding particle. By setting this potential energy equal to the adhesion
energy and using the definition of the kinetic energy, we can derive from Equation (2.3)
the capture limit velocity, i.e. the critical velocity of rebound

vcr =
(

2Eadh
m

1− CR
2

CR
2

)1/2

(2.4)

where m is the particle mass. The particle mass can also be expressed as m = π
6 ρdp

3,
where dp is the particle diameter and ρ is the density. By using Equation (2.2) for the
adhesion energy with the particle diameter dp, the critical velocity becomes

vcr = αdp
−1 (2.5)

where

α =
(
A
(
1− CR

2)
πz0ρCR

2

)1/2

(2.6)

is the material coefficient of rebound. In this expression, also used by Dahneke (1971),
the critical velocity of rebound is inversely proportional to the particle diameter and



8 Chapter 2. Surface interaction phenomena

the material coefficient includes the effects of adhesion as well as the energy losses. The
effects of adhesion are included in the Hamaker constant and all the energy losses are
implemented in the coefficient of restitution. By contrast, Wall et al. (1990) took into
account a fraction of the energy losses in the difference of the potential energies seen by
the incoming and rebounding particles.

The energy losses have an important role in the collision of a particle and a surface.
Through some mechanisms, such as acoustic waves and flexural work, the energy losses
may occur in the surface (Dahneke, 1971), but these can usually be ignored in the case of
aerosol particles and rigid surfaces. The most important energy loss mechanism is the
plastic deformation of the particle. Rogers and Reed (1984) developed a model based
on the elastic and plastic deformation and applied it for impacts and adhesion of large
copper microspheres. More recently, different approaches to calculate the effect of material
properties, corresponding to the material coefficient of rebound in Equation (2.5), have
been introduced. In spite of the different approaches based on an elastic (Wang and
Kasper, 1991) or plastic (Weir and McGavin, 2008) behavior of particles, the inverse
proportionality to the particle size has remained.

A schematic in Figure 2.2 shows the ratio of the rebound velocity vr and the impact
velocity vi as a function of the impact velocity for a particle interacting with a surface.
The observation is reduced to the normal velocity components perpendicular to the surface.
Conceptually, the velocity ratio vr/vi may also be called as the coefficient of restitution,
even if the velocities would be defined outside the adhesion force field. Consequently,
the coefficient of restitution is equal to zero with low impact velocities until it rapidly
increases at the critical velocity and reaches the constant value defined as CR. The
theory of Dahneke (1971) leads to a simple step function, but, in the theory of Wall
et al. (1990), the difference in the potential energies seen by the incoming and rebounding
particles dominate the energy losses close to the onset of rebound, and the value of CR is
not reached until at higher velocities. Wall et al. (1990) measured directly the velocity
ratio for micron-sized particles and the results agreed with the theoretical dependency.
If the impact velocity is further increased, the coefficient of restitution may begin to
decrease again at some point because of the onset of plastic deformation. The impact
velocity corresponding to this transition from elastic to plastic deformation can be used to
calculate the energy required for the transition and the yield limit of the particle material.
For micron-sized particles, the onset of plastic deformation has been experimentally
determined to be at impact velocities above 20m/s (Dahneke, 1975; Wall et al., 1990) and
investigated from a theoretical point of view (Tsai et al., 1990). Schöner et al. (2014) were
able to determine the coefficient of restitution for nanoparticles with impact velocities
above 20m/s. They found both elastic and plastic regions, depending on the particle size,
and an agreement with molecular dynamics simulations.

In the case of oblique impacts, the normal components of the velocities are usually
observed instead of the total velocities in order to study the critical velocity and the
coefficient of restitution. It has been found that the capture limit for the normal velocity
component may be lower in oblique impacts than in normal impacts. The experimental
results with large microspheres, reviewed by Brach et al. (2000), showed that the coefficient
of restitution may increase with a decreasing contact angle on rough surfaces, even up to
unrealistically high values above unity with contact angles smaller than 10°. This is also
illustrated in the schematic in Figure 2.2. With rough surfaces, a part of the energy related
to the tangential velocity component may contribute to the normal rebound velocity during
the collision and cause values above unity for the coefficient of restitution. Wang and
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Dahneke (1971)
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Figure 2.2: A schematic presentation for the ratio of the particle rebound velocity and the
impact velocity as a function of the incoming velocity. The velocity ratio can also be called as
the coefficient of restitution. The theoretical functions used by Dahneke (1971) and Wall et al.
(1990) are shown.

John (1988) concluded that the critical velocity of micron-sized particles determined with
an impactor was lower than the critical velocity based on a direct velocity measurement
(Wall et al., 1990), because of the tangential velocity in the impactor. However, no
quantitative analysis was presented on the effect of the obliquity on the critical velocity.
Recently, also the model of Chen et al. (2015) predicted a rapidly decreasing critical
velocity with an increasing contact angle.

Different methods have been used in the experimental research of the critical velocity of
rebound. The direct measurement of the particle impact and rebound velocities, based
on optical methods, is practically limited to the size range above one micron. Rogers and
Reed (1984) used a high speed camera for large copper and glass spheres above 10 µm in
size, and Wall et al. (1990) measured the velocities of spherical ammonium fluorescein
(AF) particles of 2–7 µm using laser Doppler velocimetry (LDV). Another approach to
determine the critical velocity of rebound has been to combine the measurement of the
collection efficiency in impactors or granular beds and the theoretical characterization
of the flow field. This method is applicable also for smaller particles but the theoretical
characterization of the flow field includes uncertainties. In the size range above one micron
or slightly below, impactors have been used in the experiments to determine the critical
velocity for different particle materials, such as ammonium fluorescein (Wang and John,
1988), latex (Cheng and Yeh, 1979), and uranine (Esmen et al., 1978). D’Ottavio and
Goren (1982) determined the critical velocity similarly by using a granular bed instead
of an impactor for potassium biphthalate (KHP) particles. Recently, the combination
of impactor measurements and computational fluid dynamics (CFD) simulations has
extended the size range of experimentally determined critical velocities to nanoparticles.
Rennecke and Weber (2013a) measured the collection efficiency of a single stage low
pressure impactor as a function of the impaction pressure and were able to determine the
critical impaction pressure corresponding to the onset of rebound. The critical velocity of
rebound was subsequently calculated from the critical impaction pressure. The particle
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materials used by Rennecke and Weber (2013a) were silver (Ag) and sodium chloride
(NaCl). Methods for determining the critical velocity were also developed in this thesis. A
straightforward method to determine the material coefficient of rebound for polydisperse
nanoparticles was presented in Paper I and a new type of an impactor, introduced in
Paper II, enabled more accurate determination of the critical velocity for monodisperse
particles in controlled impaction conditions. In Paper III, the results obtained with the
latter method were widely compared to the previous results, and the differences between
various methods were discussed.

Figure 2.3 shows the critical velocity of rebound as a function of the particle size from the
previous studies introduced above. The data include combinations of different particle and
surface materials which are listed in the figure legend. The critical velocity values seem to
form two groups: the results for nanoparticles and the results for micron-sized particles.
With respect to the particle size, there was a substantial gap between these groups with
no existing experimental data. Furthermore, a difference of several orders of magnitude
would be seen between these two groups if the critical velocities were extrapolated to the
same size range, excluding the data of Esmen et al. (1978). The majority of experimental
results predicted a size dependency where the negative exponent of the particle diameter
is larger than in the theory. Usually, it has been explained with a transition from elastic
to plastic deformation with the decreasing particle size (Rennecke and Weber, 2013a;
Wall et al., 1990), corresponding to a size dependency of the Hamaker constant or the
coefficient of restitution in Equation (2.6). The results of this thesis fill the gap between
the two groups of the previous critical velocity results. In Paper II, the critical velocity
of rebound was determined in a wide sub-micron size range for spherical silver particles.
The results obtained for ammonium fluorescein particles on different surfaces in Paper
III revealed the effect of materials and obliquity of the impact on the critical velocity. In
addition, the critical velocity of fungal spores was determined in Paper IV, which can
be relevant in ventilation systems and in the filtration of indoor aerosols.

2.3 Resuspension

Resuspension is the detachment of a particle from a surface, including the transport away.
It can be considered as an important phenomenon affecting the aerosol concentrations
and dynamics both in indoor and outdoor environments. Particles may be resuspended
under an air flow, or through a mechanical or electrostatic disturbance (Figure 2.1).
Resuspension by a jet of air can be referred as re-entrainment or blow-off. In resuspension,
a particle has to overcome the adhesion energy, but the forces required for resuspension
can be less than 1% of the static adhesion forces required for the detachment in a
centrifuge (Hinds, 1999). Rolling and sliding can be involved and relieve the detachment
in re-entrainment and blow-off before the particle becomes airborne. This was supported
by Reeks and Hall (2001) who performed experiments in a centrifuge to measure adhesive
forces and in a blower to measure the forces required for resuspension. They found a
kinetic model taking into account rolling and sliding to have the best agreement with
the experiments. Boor et al. (2013) reviewed previous studies on resuspension and found
differences between monolayer and multilayer deposits.

In this thesis, resuspension was studied from an aspect of indoor aerosols. Every day
activities in indoor environments, such as walking and cleaning, significantly increase
the particle concentrations through resuspension (Thatcher and Layton, 1995). It has
been shown that also allergen-containing particles, such as fungal spores and bacteria,
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Figure 2.3: The critical velocity of rebound as a function of the particle size from previous
studies of (1) Rennecke and Weber (2013a), (2) Wall et al. (1990), (3) Wang and John (1988),
(4) Rogers and Reed (1984), (5) D’Ottavio and Goren (1982), (6) Cheng and Yeh (1979) and
(7) Esmen et al. (1978). The legend shows the material of the particle/surface. AF refers to
ammonium fluorescein and KHP to potassium biphthalate. The dashed arrows illustrate the
unexplored size range and the substantial difference between the results for nanoparticles and
micron-sized particles. (Adapted from Paper II.)

may easily be resuspended under mechanical and aerodynamic disturbances from human
walking and other activities (Gomes et al., 2007; Reponen et al., 1992). The inhalation of
fungal spores has been found to cause respiratory diseases and allergies (Douwes et al.,
2003). According to Mendell et al. (2011), water damages and subsequent mold growth in
buildings often lead to the release of fungal spores and degrade the indoor air quality. In
indoor air, an important factor, affecting the dynamics of fungal spores, is their charging
state. Previously, Lee et al. (2004) found that airborne fungal spores usually carry a net
negative charge in most environments. Their charging state also differ significantly from
non-biological particles (Mainelis et al., 2001). Paper IV presents a new aspect on the
origin of the charging state of fungal spores by observing the triboelectric charging during
resuspension and rebound. Triboelectric charging is likely to occur for fungal spores after
the detachment from different surfaces in indoor environments. Thus, the resuspension
of fungal spores from different surface materials relevant for indoor environments was
studied in Paper IV.

2.4 Charge transfer

Everyday static electricity is mostly triboelectric. Two dissimilar materials, brought
into contact and then separated, may gain electric charges of different polarity. The
transferred charge depends on the electrochemical potential, the contact area and the
relaxation time between the materials. Lowell and Rose-Innes (1980) showed that different
combinations of insulating and conductive materials should be treated distinctly from a
theoretical point of view. Free electron models can be used for the conductive materials,
whereas the insulating materials require the use of Fermi levels in models (Matsusaka
et al., 2010). However, the triboelectric effect is still poorly understood in general, and
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there are problems in the reproducibility of experiments (Castle, 1997; Ireland, 2009).

A triboelectric series is a list of materials sorted according to their charge affinity with
relation to other materials. The materials on the top of the series are most willing to
donate electrons and the materials on the bottom of the series most willing to receive
electrons. Many of the triboelectric series found in the literature are qualitative and based
on a single experiment that may be difficult to reproduce. In some of the series, the data
has been gathered from different sources resulting in an extensive list, but there can be a
high uncertainty in the relative position of different materials in the list. However, it is
also possible to obtain quantitative or semi-qualitative triboelectric series by measuring
the charge, charge affinity, or charge density with relation to a reference material (Diaz
and Felix-Navarro, 2004; Park et al., 2008). In Paper IV of this thesis, a triboelectric
series was formed, based on the charge transfer results of micron-sized aerosol particles
and different surface materials.

The charge transfer from an aerosol particle to a surface during rebound can in principle
be divided into two separate processes. The first one is the transfer of pre-existing charge
and the second process is the triboelectric contact charging. John et al. (1980) formulated
a theory where both of these factors were derived theoretically for a spherical particle and
a smooth surface starting from the mechanical properties of materials and the elasticity
theory of Hertz. As a result, the total charge transferred during rebound is given by

qtot = qc + βq0 (2.7)

where qc is the contact charge, q0 is the precharge, and β is a constant describing precharge
sensitivity of the process. The theory also predicts that the contact charge is dependent
on the cube of the particle diameter and proportional to vi0.6 for insulating materials
and to vi0.8 for conductive materials, where vi is the impact velocity. In some studies
(Watanabe et al., 2007; Yamamoto and Scarlett, 1986), a concept of an equilibrium charge
has been used to describe the transferred charge during rebound instead of the contact
charge. The equilibrium charge refers to the value of the pre-existing charge with which
the total charge transferred is zero.

The experimental values for qc and β were also determined by John et al. (1980). The
measurements were carried out by using an inertial impactor, equipped with different
metal substrates, and particles with a diameter of 3–7 µm. The particle materials were
sodium chloride, methylene blue and potassium biphtalate. They found that the contact
charge was dependent on the substrate material, but the substrate did not significantly
affect the precharge sensitivity of the process and the value of β. For methylene blue
particles the average value of β was 0.043±0.009, for potassium biphthalate 0.036±0.016
and for sodium chloride 0.42± 0.05. As an example of the size dependency of the contact
charge, John et al. (1980) obtained for sodium chloride particles on a steel substrate
qc = 124 · dp2.45, where dp is the particle diameter in micrometers and the unit of the
result is in elementary charges. In addition, the contact charge was found to be directly
proportional to the impact velocity in the experiments. Wang and John (1988) were able
to explain theoretically the direct proportionality and the inconsistency with the theory
of John et al. (1980) by taking into account the plastic deformation of particles.

The increased use of powders in industrial processes has motivated researchers to study
the triboelectric charging in many applications (Matsusaka et al., 2010). Especially
pharmaceutical powders are prone to electrostatic charging causing many problems during
manufacturing processes and aerosolization in medical inhalators (Watanabe et al., 2007).
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However, because of a lack of interest towards sub-micron particles in this respect, only a
few studies of the charge transfer behavior of nanoparticles have been published. Weber
and Wu (2009) measured the charge transfer of metal nanoparticles as a function of the
impact velocity and found a transition from elastic to plastic behavior by comparing the
experimental results to the theory of Wang and John (1988). More recently, Rennecke and
Weber (2014) carried out similar experiments with a higher resolution and were also able
to distinguish an elastoplastic transition regime. In Paper I of this thesis, the charge
transfer of nanoparticles was characterized for polydisperse aerosols. The new method
developed for a cascade impactor provided a simple manner to measure the contact charge
but also evaluated the performance of the instrument. The triboelectric charging has not
been studied previously for biological aerosols, such as fungal spores or bacteria. Paper
IV presented the values of qc and β for fungal spores and different surface materials
measured during rebound. In addition, the charging during resuspension was connected
to the corresponding contact charge values measured during rebound.





3 Methods

Both experimental and computational methods were used during the research of this
thesis. This chapter presents an overview of the applied methods. The work was mainly
conducted in the Aerosol Physics Laboratory of the Department of Physics at Tampere
University of Technology (TUT), except the electron microscopy analysis performed in
the Department of Materials Science at TUT and the fungal spore sample preparation
performed in the Department of Environmental Science at University of Eastern Finland.
Some of the applied methods were established in the research of aerosol physics, but
others were introduced for the first time during the research of this thesis.

3.1 Aerosol instruments

Detection of particle–surface interaction

The interaction of an aerosol particle and a surface can be studied in an inertial impactor.
It is an instrument that classifies aerosol particles in an air flow according to their
aerodynamic size and consists of an air flow nozzle above a collection substrate. The
collection efficiency for an impactor as a function of the particle size is a sigmoid function
where larger particles are collected and smaller particles continue in the flow through the
impactor. In this thesis, two different impactors were used to study the particle – surface
interaction. An electrical low pressure impactor (ELPI) was used in Paper I and a
variable nozzle area impactor (VNAI) was used in Paper II, III, and IV. In addition,
resuspension and rebound were studied with a single impactor stage of an ELPI in Paper
IV. These instruments are introduced in detail later in this chapter.

Figure 3.1 illustrates the possible pathways for an aerosol particle in the particle – surface
interaction with respect to the detection of particle rebound, resuspension, and charge
transfer. Particles can be detected at three different stages of the process, either at
the impaction substrate, upstream of the impactor, or downstream of the impactor. In
addition, it is possible to measure the transferred charge at the impaction substrate.
The detection methods can be divided into electrical and optical methods. The optical
detection methods are applicable for relatively large particles in an air flow close to
ambient pressure, upstream and downstream of an impactor. On the contrary, electrical
detection methods can be used to measure smaller particles in an air flow even in low-
pressure conditions. Furthermore, the particles collected on the impaction substrate and
the transferred charge can be detected using electrical methods. It should be noted that
optical methods connected to the condensation growth of particles are also applicable
for very small particles down a few nanometers but they cannot be used in low-pressure
conditions downstream of an impactor.

15



16 Chapter 3. Methods

+

Charging

Size-classification

Electrical detection

Electrical detection

Optical detection

++

++
+ +

+

+
+

+
+

++

++

−−

+

Electrical detection

Optical detection

Figure 3.1: Possible pathways for an aerosol particle in the particle– surface interaction.
Different detection methods can be used at different stages of the process to characterize particle
rebound, resuspension, and charge transfer. In some cases, the particles may require charging or
size-classification before the detection.

Aerosol particles can be detected electrically from an air flow by using a Faraday cup
electrometer (FCE). It consists of a filter inside a Faraday cage which is connected to an
electrometer. When charged particles are collected by the filter inside the Faraday cage,
an electric current is measured by the electrometer. Similarly, an impactor can be placed
inside a Faraday cage connected to an electrometer, which enables the measurement of
the collected particles and transferred charge. In this thesis, the electrical detection was
used in Paper I, II, and IV for impactors and filters. The electrical detection of particles
may require charging. That can be carried out by using a unipolar diffusion charger or a
bipolar radioactive neutralizer. In the latter, the particles have to be classified further,
for example, with a differential mobility analyzer (DMA). The main purpose of the
DMA is to classify particles according to their mobility size, but, in the output of the
instrument, the particles are also positively or negatively charged and can be measured
using electrical detection. This was exploited in Paper II. In addition, a DMA was used
for the size-classification of particles in Paper III.

Optical methods can be used to detect particles upstream and downstream of the impactor.
Devices based on the optical detection consist of a laser focused on the aerosol beam and a
detector measuring the light scattered from the particles. In this thesis, an optical particle
sizer (OPS) was used in Paper II and IV, a laser aerosol spectrometer (LAS-X) in
Paper IV, and an ultra-violet aerodynamic particle sizer (UV-APS) was used in Paper
III. The main purpose of these instruments was to measure the particle concentration
and the collection efficiency of the impactor. However, the instruments are also capable
of measuring the size distribution of particles. The UV-APS measures the aerodynamic
size distribution and the OPS measures a size distribution as a function of the instrument
specific optical diameter. In Paper I, a scanning mobility particle sizer (SMPS) was
used to measure the mobility size distribution of particles. The SMPS consists of a DMA
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and a condensation particle counter (CPC), the latter of which is an instrument based on
the condensation growth and optical detection of particles.

Electrical low pressure impactor
An electrical low pressure impactor (ELPI) is a cascade impactor consisting of impactors
with different collection efficiency curves placed on top of each other. In addition, there is
a unipolar corona charger and twelve electrometers connected to the impactor stages for
the electrical detection of particles. The ELPI was introduced by Keskinen et al. (1992)
and it was developed to a commercial product during the 1990s. A thorough performance
evaluation of the instrument was carried out by Marjamäki et al. (2000) including the
measurement of the impactor collection efficiency curves and the efficiency of the corona
charger. More recently, a filter stage (Marjamäki et al., 2002) and an additional impactor
stage (Yli-Ojanperä et al., 2010) were introduced to improve the nanoparticle resolution
of the ELPI. With these modifications the size range of the instrument is from 7nm to
10 µm. The volumetric flow of the instrument is 10 lpm.

In a normal operation of the ELPI, the impactor substrates are usually coated with
vacuum grease (e.g. Apiezon-L) in order to prevent particle rebound. Some solid particles
with a high tendency to rebound may even require the use of porous substrates. The effect
of substrate porosity on the collection efficiency curves of an ELPI was characterized by
Marjamäki and Keskinen (2004). Virtanen et al. (2010) found that secondary organic
aerosol (SOA) particles bounced in an ELPI. They defined a bounce factor by estimating
the relative amount of extra current measured at the filter stage and the lowest impactor
stage. The same method was applied by Virtanen et al. (2011) for particles below 30 nm
by using only the current of the filter stage. The problem in the quantitative use of the
bounce factor analysis was that it disregarded the effect of possible charge transfer during
rebound on the current signal.

In Paper I, an ELPI, equipped with a filter stage and an additional impactor stage, was
used to characterize particle rebound and charge transfer. Polydisperse aerosols were
measured both with the corona charger and without the charger. With this procedure,
we were able to distinguish the phenomena of rebound and charge transfer from each
other. By connecting the experimental data to a response model described later in this
chapter, the bounce and charge transfer properties could be defined for the measured
particles. Individually calibrated collection efficiencies for the impactor were used as an
input for the response model. Furthermore, the charging efficiency of the corona charger
was given by (Marjamäki et al., 2002)

Pn =
{

222.49 · dp1.3637, dp ≤ 0.023 µm
68.12 · dp1.32, dp > 0.023 µm (3.1)

where dp is the particle mobility diameter, P is the particle penetration through the
charger, and n is the average number of charges per particle. Because the charging
efficiency is dependent on the particle diameter dp (mobility diameter) and the collection
efficiencies are dependent on the aerodynamic diameter da, a conversion between these
two was required. It can be written as

ρeffCC(dp)dp2 = ρ0CC(da)da2 (3.2)

where ρeff is the effective density and CC is the slip correction factor. This equation was
also used in Paper I to convert the mobility size distribution measured by an SMPS to
an aerodynamic size distribution.



18 Chapter 3. Methods

Variable nozzle area impactor
A variable nozzle area impactor (VNAI) is a new type of an impactor introduced in
Paper II. It was developed to measure the critical velocity of rebound and characterize
other particle – surface interaction phenomena as a function of the particle impact velocity
together with numerical simulations. Figure 3.2 shows a schematic of the VNAI. It
consists of a narrow slit with a short nozzle throat length. The nozzle area of the impactor
can be varied by sliding an adjustable cover and changing the slit length. In addition to
Paper II, the VNAI was used in Paper III and IV to determine the critical velocity
of rebound. During the measurements of Paper II and Paper IV, the nozzle width
(0.3mm) and the jet-to-plate distance (0.5mm) of the impactor were constant, and the
material of the impaction substrate was aluminum. In Paper III, the nozzle width and
the jet-to-plate distance varied from 0.1 to 2.0mm and 0.5 to 2.0mm, respectively. The
materials used in Paper III as an impaction substrate were steel, aluminum, molybdenum,
and Tedlar® (polyvinyl fluoride). The metal substrates were equally machined and, in
the case of Paper III, finally polished. The Tedlar substrate was compiled from a steel
substrate that was covered with a layer of commercial adhesive tape with a Tedlar backing.
In addition to these plain substrates, a substrate greased with Apiezon-L vacuum grease
was used for reference measurements. Before the experiments, the plain substrates were
flushed with isopropanol, distilled water and clean pressurized air, respectively.

Slit length

Jet-to-plate 
distance

5,00 mm

Nozzle width

Adjustable cover

Nozzle plate

Impaction substrate

Figure 3.2: A schematic of the variable nozzle area impactor (VNAI). The nozzle area can be
varied by sliding the adjustable cover. (Adapted from Paper II.)

The conditions and detection methods of the VNAI were changed in order to cover
different particle size ranges, impact velocity ranges, materials, and oblique impacts. In
addition to the impactor dimensions and substrate materials presented above, the main
parameters in the experiments were the flow through the impactor and the impactor
pressure. The impactor pressure was controlled with a vacuum pump and a critical orifice
inlet in Paper II to create low-pressure conditions (106–256mbar) and an appropriate
volumetric flow (1.18 lpm) for the silver particles below 200 nm. In this setup, the particles
were measured using electrical detection in which the impaction substrate and a filter
downstream were connected to electrometers. The particles larger than 400 nm were
measured in ambient pressure using optical detection and the impactor flow varied from
1.0 to 4.8 lpm. The instruments measuring the particle concentration before and after
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the impactor were an OPS in Paper II, a LAS-X in Paper IV, and an UV-APS in
Paper III. The collection efficiency of the VNAI was determined from the relation of
the electrical signals or particle concentrations.

Figure 3.3 shows two examples of the collection efficiency of the VNAI for 82 nm silver
particles measured using electrical detection and for 3.4 µm ammonium fluorescein particles
measured using optical detection. In the measurement procedure, the slit was fully open
in the beginning (30mm) and it was gradually shortened at intervals of 1mm down to
3mm. At longer slit lengths, most of the particles were not collected, but the collection
efficiency increased with the decreasing slit length reaching approximately 100% with the
greased impaction substrates. With the plain substrates, the collection efficiency differed
from the greased curve at the critical slit length Lcr and critical collection efficiency ηcr
showing the onset of rebound. The exact value for the critical slit length was searched by
observing the difference of the plain collection efficiency and the fitted curve of the greased
collection efficiency. An uncertainty of ±1mm was estimated to represent the accuracy of
the procedure. The critical slit length and critical collection efficiency obtained from the
measurement were used in the simulation to determine the critical velocity of rebound
as described later. As seen in Figure 3.3, the electrical and optical detection behaved
similarly with respect to the determination of the critical slit length.

Rebound

Lcrit

ηcrit

Silver
82nm

0

0.25

0.50

0.75

1.00

C
ol

le
ct

io
n

ef
fic

ie
nc

y,
η

Greased Plain Fit

0 5 10 15 20 25 30

0

0.50

1.00

Slit length, L (mm)

D
iff

er
en

ce

Lcrit

ηcrit

Ammonium fluorescein
3.4µm

0

0.25

0.50

0.75

1.00

0 5 10 15 20 25 30

0

0.50

1.00

Slit length, L (mm)

(a) (b)

Figure 3.3: Examples of the collection efficiency of a variable nozzle area impactor (VNAI) as
a function of the slit length for (a) silver (Paper II) and (b) ammonium fluorescein particles
(Paper III) measured using electrical and optical detection, respectively. The onset of rebound
was determined from the difference of the plain collection efficiency and the fitted curve of the
greased collection efficiency. The critical slit length Lcr and the critical collection efficiency ηcr
correspond to the onset of rebound.
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3.2 Numerical simulation and analysis

Computational fluid dynamics
Computational fluid dynamics (CFD) can be used to solve problems involving fluid flows,
based on the numerical solutions of the Navier–Stokes equations. CFD simulations were
used in all of the publications of this thesis to design appropriate experimental impactor
setups and calculate the impact velocities of particles. The work was based on two
previous studies that presented a numerical model for an ELPI (Arffman et al., 2011) and
revealed the advantages of a slit type impactor with a short nozzle throat length (Arffman
et al., 2012). Recently, CFD simulations have also been used elsewhere to calculate
impact velocities (Ihalainen et al., 2014; Rennecke and Weber, 2013b) and to optimize the
performance of new instruments, such as a high-resolution low-pressure impactor (HR-LPI)
(Arffman et al., 2014) and a real-time effective density monitor (DENSMO) (Juuti et al.,
2016).

In this thesis, CFD simulations were conducted for an ELPI in Paper I and for a VNAI
in Paper II, III, and IV. All of the simulations were carried out in two steps. The flow
field was first simulated with ANSYS Fluent software by using the mass flow rate through
the impactor and the static pressure at the outlet as boundary conditions. Then, the
particle trajectories were solved using a Lagrangian particle tracking method. Figure 3.4
shows an example of the simulated flow field for the VNAI. In this case, the simulation of
the slit type impactor and the variable nozzle area could be reduced to two dimensions
by using the mass flow rate divided by the slit length as a boundary condition.
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Figure 3.4: An example of the velocity field of a variable nozzle area impactor (VNAI) obtained
using computational fluid dynamics (CFD) simulations. The bar shows the dimension of the jet
flow and the impactor nozzle width (0.3mm).



3.2. Numerical simulation and analysis 21

Impact velocity and collection efficiency
From the particle tracking data, we were able to determine the fraction of impacted
particles and the impact velocities. Figure 3.5 shows examples of the simulated normal
components of the impact velocity as a function of the normalized initial position of the
particles in the impactor nozzle. The impact velocities for different particle sizes were
used to build up the instrument response model in Paper I. The example in Figure 3.5a
presents the impact velocities for the second stage of an ELPI. In Paper II, III, and
IV, the critical velocity of rebound was determined by searching the impact velocity
corresponding the measured critical slit length. The example in Figure 3.5b illustrates
the impact velocities in a VNAI with different slit lengths. The deviation in the impact
velocities as a function of the initial position is small, which can be considered as an
advantage for slit type impactors with a short nozzle throat length.
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Figure 3.5: The normal component of the impact velocity as a function of the initial position
of the particles (a) for different particle sizes at the second stage of an electrical low pressure
impactor (ELPI) (Paper I) and (b) for 500 nm particles in a variable nozzle area impactor
(VNAI) with different slit lengths (Paper II).

The methods used in this thesis work in the interface of experiments and simulations.
A common problem is that the simulated collection efficiency of an impactor may not
correspond to the experimental collection efficiency. Figure 3.6 shows two procedures
for combining the simulated and experimental collection efficiencies. In Paper I, the
simulated collection efficiencies, shown in Figure 3.6a for the first stage of an ELPI, was
combined with the measured curves by generating random noise to the impact velocities
and adjusting the cut-off size d50. The random noise could be regarded as a means to
take into account the turbulent diffusion and other factors not included in the simulated
impact velocities (Figure 3.5a). As a result, the impact velocities corresponding to the
experimental collection efficiency curves could be used in the response model. Figure 3.6b
shows a schematic example of the measured and simulated collection efficiency curves of a
variable nozzle area impactor (VNAI) as a function of the slit length adapted from Paper
II. Two different methods were used to define the critical slit length. In the first method
(1), the critical slit length Lcrit,1 was obtained straightforwardly from the measured curve
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corresponding to the onset of rebound. The problem with this method was that it could
result in too low impact velocities or even non-impacting particles with the collection
efficiencies below 50% arising from the difference of the simulated and measured curve.
The solution was the second method (2) in which we took the critical collection efficiency
ηcrit,2 corresponding to the onset of the rebound and obtained the critical slit length
L

′

crit,2 from the simulated curve. The first method was used for the collection efficiencies
above 50% and the second method for the collection efficiencies below 50%.
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Figure 3.6: Two procedures for combining the simulated and experimental data. (a) The
collection efficiency of the first stage of an electrical low pressure impactor (ELPI) as a function of
the aerodynamic particle size (Paper I). The simulated curve was combined with the measured
curve by generating random noise to the impact velocities and adjusting the cut-off size d50. (b)
A schematic example of the measured and simulated collection efficiency curves of a variable
nozzle area impactor (VNAI) as a function of the slit length (Paper II). Two different methods
for defining the critical slit length were used.

Instrument response model
A response model for the ELPI was build up in order to characterize particle rebound and
charge transfer. The main idea in the model was to simulate the instrument response by
using the mobility size distribution and three free parameters as inputs. The parameters
were the effective density ρeff, the material coefficient of rebound α and the contact charge
qc corresponding to the particle size of 100 nm and the impact velocity of 100m/s. The
precharge sensitivity of charge transfer, namely β in Equation (2.7), was approximated to
be zero. In the response model, two different cases were simulated, including the current
measured with the charger and without the charger. The average charge of particles as a
function of the particle mobility size was set to be equal to Pn given by Equation (3.1)
in the first case and equal to zero in the latter.

At each impactor stage of the ELPI, the impacted and bounced fractions of the mobility
size distribution were calculated by using the measured collection efficiency, the impact
velocities obtained from the simulation, the effective density and the material coefficient
of rebound. The impacted fraction generated an electric current that was calculated
by multiplying the average charge distribution with the number size distribution of the
impacted particles and with the volumetric flow. Furthermore, also the bounced particles
generated a current. It was calculated by using the contact charge parameter. Finally,
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the sum of these two currents represented the current signal of the impactor stage. In the
step-by-step process, the complement of the impacted particle fraction and the bounced
fraction continued to the next impactor stage. The average charge distribution of the
particles entering the next stage was affected by the charge transfer of the bounced
particle fraction.
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Figure 3.7: An example of the electrical low pressure impactor (ELPI) response model fitted
to experimental data. The currents measured by an ELPI (a) with the charger Ich,on and (b)
without the charger Ich,off as well as (c) the normalized bounce current Ib are drawn in gray.
Bars with a line pattern represent the modeled currents and the solid line the ideal current Iid,
which were calculated from (d) a mobility size distribution measured by a scanning mobility
particle sizer (SMPS). (Adapted from Paper I.)

Figure 3.7 shows an example of the response model fitted to experimental data measured
for sodium chloride particles. In order to distinguish the phenomenon of particle rebound
and charge transfer also during the fitting process, a concept of a bounce current was
defined and the fitting process was divided into two steps. The bounce current Ib could
be written as a difference

Ib = Ich,on − Ich,off (3.3)

where Ich,on is the current measured with the charger and Ich,off is the current measured
without the charger. The bounce current represented the current measured for bouncing
particles without the effect of charge transfer. In the first step of the fitting process, the
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modeled bounce current was fitted to the measured current by using the effective density
and the material coefficient of rebound as fitting parameters (Figure 3.7b). The second
step consisted of fitting the currents without the charger by using the contact charge as a
fitting parameter (Figure 3.7c). The results of fitting the response model to experimental
data for each particle size distribution were the parameters: the effective density, the
material coefficient of rebound, and the contact charge.

3.3 Generation of particles

Particles generated with an atomizer
Aerosol particles can be generated from liquid precursors with an atomizer. It consists
of an air flow nozzle and a vertical tube above a liquid reservoir. The air flow nozzle
causes a lower pressure, and the liquid is drawn upward in the tube and aerosolized in
the nozzle. In this thesis, an atomizer aerosol generator (Topas ATM 220) was used
in three publications. In order to generate solid particles, two different methods were
used to dry the aerosol after the atomizer, including a silica gel dryer and dry dilution
air (Figure 3.8a). Sodium chloride and levoglucosan particles were produced in Paper
I from aqueous solutions. The polydisperse aerosols with a geometric mean diameter of
35–75 nm were introduced directly to the instrument. In Paper II, monodisperse silver
particles from 0.4 µm to 1.0 µm were generated with the atomizer by using commercial
silver powder dispersed in water and a DMA after the atomizer. Figure 3.9c shows a
scanning electron microscope (SEM) micrograph of these particles. The generation of
monodisperse ammonium fluorescein particles of 0.4–0.9 µm was also carried out using
the atomizer and a DMA in Paper III. Ammonium fluorescein was dissolved in water.
An example of the ammonium fluorescein particles generated with the atomizer can be
seen in an SEM micrograph in Figure 3.9a. In order to prevent too fast drying of the
droplets, the relative humidity (RH) of the dilution air was adjusted to 30%.

Evaporation–condensation method
A common method for nanoparticle production is to use evaporation and condensation
(Harra et al., 2012; Scheibel and Porstendörfer, 1983). In Paper II of this thesis, the
evaporation–condensation method was used to generate spherical silver particles in the
size range of 20–200 nm. The experimental setup is illustrated in Figure 3.8b. Silver was
evaporated from a small amount of bulk material in a tube furnace at temperatures of
1200–1500 ◦C, depending on the desired particle size. The metal vapor was first carried
out of the furnace and then diluted using nitrogen as a carrier gas. The silver particles,
formed by condensation after cooling, were passed through a coagulation chamber before
sintering. Two subsequent furnaces were used in the sintering step. The function of
the latter furnace (400 ◦C) was to smooth the particle surfaces from bumps caused by
the partial evaporation and the formation of smaller particles near the bulk melting
point in the first sintering furnace (600–800 ◦C). Depending on the particle size, the
flow rate through the furnaces was 0.3–1.0 lpm. The silver particles generated with the
evaporation–condensation method were size-classified with a DMA before entering the
VNAI. At some cases, the particles were also charged with a corona charger after the
DMA in order to improve the sensitivity of the electrical detection. An example of the
silver particles generated with the evaporation–condensation method can be seen in an
SEM micrograph in Figure 3.9d. The sample for the micrograph was taken from the
polydisperse aerosol before the DMA.
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Figure 3.8: The particle generation methods used in the experiments. (a) An atomizer was used
in Paper I, II, and III with two optional drying methods for sodium chloride, levoglucosan, silver
and ammonium fluorescein particles. (b) Silver particles were generated with the evaporation–
condensation method in Paper II. (c) A vibrating orifice aerosol generator (VOAG) was used in
Paper III for ammonium fluorescein particles. (d) Fungal spores, silicon carbide particles and
silver particles were generated with a fungal spore source strength tester (FSSST) in Paper IV.

Vibrating orifice aerosol generator

Test aerosols with spherical shape and exact size above one micron can be produced with
a vibrating orifice aerosol generator (VOAG). The generation system was introduced by
Berglund and Liu (1973) and it has been widely used e.g. in the calibration of impactor
collection efficiencies (Järvinen et al., 2014; Marjamäki et al., 2000). In the VOAG,
a liquid solution is fed using a syringe pump into a vibrating orifice controlled by an
electric signal (Figure 3.8c). Highly monodisperse liquid droplets are formed in the
orifice. Then the droplets are dispersed and dried in order to generate a monodisperse
aerosol of desired material and particle size. The diameter of the liquid droplet can be
calculated from the volumetric liquid feed flow and the frequency of the disturbance in
the vibrating orifice (Berglund and Liu, 1973). The final particle diameter is a function of
the droplet diameter and the volumetric concentration of a nonvolatile solute in a volatile
solvent. In Paper III of this thesis, solutions of ammonium fluorescein were prepared by
dissolving fluorescein powder (C20H12O5) in aqueous ammonia (NH4OH) as described by
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(a) Ammonium fluorescein − Atomizer (b) Ammonium fluorescein − VOAG

1 μm 10 μm

200 nm 100 nm

(d) Silver − Evaporation−condensation(c) Silver − Atomizer

Figure 3.9: Examples of (a–c) scanning electron microscope (SEM) and (d) transmission
electron microscope (TEM) micrographs showing the morphology of the generated particles.
Ammonium fluorescein particles were generated (a) with an atomizer and (b) with a vibrating
orifice aerosol generator (VOAG) in Paper III. Silver particles were generated using (c) an
atomizer and (d) an evaporation–condensation method in Paper II.

Vanderpool and Rubow (1988). In the aqueous solutions, the concentration of ammonium
fluorescein varied from 0.08 to 2.2 g/m3. The frequency of the disturbance was 33 or
60Hz, the liquid feed flow was 10ml/h and the diameter of the orifice was 20 µm. The
relative humidity (RH) of the dispersion and dilution air was adjusted to 30%. After
the VOAG, the particles were neutralized with a radioactive source before entering the
VNAI. An example of the spherical ammonium fluorescein particles generated with the
VOAG is seen in an SEM micrograph in Figure 3.9b.

Aerosolization through resuspension

Relatively large solid particles, such as powders and dusts, can be aerosolized through
resuspension. For instance, an instrument called a fungal spore source strength tester
(FSSST) can be used to aerosolize fungal spores and other solid particles. The tester was
introduced by Sivasubramani et al. (2004) and it has been used in several other studies. In
the FSSST, a generation substrate covered with particles is placed below a multiple-nozzle
plate. When an air stream is driven through the nozzles, the particles are blown off and
aerosolized. A schematic of the instrument is illustrated in Figure 3.8d. In Paper IV of
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this thesis, the FSSST was used to generate fungal spores and reference materials with
a total flow of 25 lpm. Spores of three different fungal species used in the experiments
were Aspergillus versicolor (A.v.), Cladosporium cladosporioides (C.c.), and Penicillium
brevicompactum (P.b.). A detailed description of the fungal spore sample preparation can
be found in a previous study (Saari et al., 2015). Briefly, fungal spore suspensions were
inoculated on agar plates and incubated in a conditioned chamber for a growth period of
one month. The chamber was exposed to daylight and darkness throughout the growth
period. Before the aerosolization, the samples were dried in a laminar flow hood overnight
to improve the release of spores. In addition to the fungal spores, silicon carbide (SiC)
standard test dust and commercial silver powder were used as reference materials. Figure
3.10 shows the number size distributions of the different species of fungal spores and the
reference materials generated with the FSSST and measured with an OPS. The optical
size of the silver particles was smaller than for other materials, but aerodynamically they
were comparable because of the relatively high density of silver.
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Figure 3.10: The number size distributions of different particles generated with a fungal spore
source strength tester (FSSST). A.v., P.b., and C.c. are abbreviations for fungal species As-
pergillus versicocor, Penicillium previcompactum, and Cladosporium cladosporioides, respectively.
Silver (Ag) and silicon carbide (SiC) were used as reference materials. (Adapted from Paper
IV.)

The samples aerosolized with the FSSST were brief bursts that were introduced to
resuspension tests and a rebound impactor which was a single stage of an ELPI (stage
number 8, cut-off 0.92µm). Five different substrate materials, used in the impactor,
were steel, glass, polystyrene, paper, and polytetrafluoroethylene (PTFE). The particle
concentration was measured upstream of the impactor with an OPS, and electrometers
were connected to the impactor stage and a filter stage placed downstream of the impactor.
All the measurements were averaged over the sample length which was usually about
two minutes. The preliminary and transferred charges were calculated from the current
signals and particle concentration. Particles were either led after the FSSST directly to
the impactor or charged with a corona charger before the impactor, in order to cover a
wide range of pre-existing charges.
The FSSST was also directly used to study the resuspension from different surfaces. The
fungal spores were generated either from the agar growth plates or from substrates with
different materials, including steel, glass, polystyrene, paper, and PTFE. The fungal
spores were moved from the growth plates onto the different substrates by using small
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glass beads. The reference materials, silicon carbide and silver, were also generated
using the FSSST and different substrate materials. In order to test the effect of different
deposition mechanisms on the triboelectric charging during resuspension, the resuspension
experiments were repeated with an impactor. A single ELPI impactor stage (stage number
9, cut-off 1.6µm) was used for the deposition on the substrates of different materials with
an aerosol flow of 10 lpm. Upstream of the impactor, a radioactive source was used to
neutralize the particles and collected sample. This deposition process was assumed to be
more sophisticated than the FSSST method for studying the triboelectric charging during
rebound and the effect of different material pairs. In the last step of the experiment, a
flow of 25 lpm was led through the impactor causing the resuspension of particles. The
particles were detected downstream of the impactor by using both electrical (FCE) and
optical detection (OPS) in order to determine the charging state of the particles.



4 Results and discussion

An overview of the results presented in the publications of this thesis is given here.
The new methods, including the use of an ELPI combined to the response model in
Paper I and the VNAI in Paper II, can also be considered as significant results in
these publications. However, since the methods have been thoroughly introduced in the
previous chapter, the discussion in this chapter is focused on the fundamental phenomena.
At first, the results obtained for the critical velocity of rebound are analyzed with respect
to the obliquity of the impact, materials, and previous studies. Also the role of different
methods is discussed. Secondly, the results considering the triboelectric charging of
particles during resuspension and rebound are reviewed.

4.1 Critical velocity of rebound

The effect of the obliquity of impact on the critical velocity was studied in Paper III. In
order to characterize the obliquity, the maximum tangential (vt,max) and normal (vn,max)
velocities corresponding to the onset of rebound and the critical slit length in the VNAI
were determined from the simulation. The maximum normal velocity was used as an
estimate for the critical velocity of rebound, and the ratio of the maximum tangential and
normal velocities was used to describe the obliquity of the impact. According to previous
studies, the presence of the tangential velocity component may lower the critical normal
velocity required for the rebound (Brach et al., 2000; Wang and John, 1988). Because
of the variety of the velocity components for different particles impacting at different
locations of the impaction substrate, the rebound can start at a certain location from the
particles having a lower normal velocity and higher tangential velocity compared to the
particles impacting with the maximum normal velocity. The exact velocity components
involved in the onset of rebound cannot be distinguished. The maximum normal velocity
forms an upper limit for the critical velocity of rebound and the lower limit is the normal
velocity component for the particles impacting with the maximum tangential velocity.
For the experiments of Paper III, the lower limit was calculated to be close to the upper
limit and approximately 40% of the upper limit even in the worst case.

Figure 4.1a shows the critical velocity of rebound as a function of the particle size
determined for ammonium fluorescein particles in Paper III. The significant deviation,
seen in the critical velocities, was initially connected to the change of impactor parameters
and impaction conditions. In the further analysis, the results were divided into three
different groups emphasized by the theoretical fits based on Equation (2.4). Quantitatively,
these groups were defined according to the ratio of the maximum tangential and normal
velocities corresponding to the obliquity of the impact. In Figure 4.1b, the critical velocity
normalized with an arbitrary theoretical critical velocity (vtheor) is presented as a function
of the velocity ratio. It can be seen that this size-independent quantity for the critical

29
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velocity strongly decreased with the increasing obliquity and three different groups were
distinguished. The first group was formed for close-to-normal impacts with the velocity
ratio below 1.5 and the second group for higher obliquity with the velocity ratios between
2 and 4. In the third group, the impacts were extremely oblique with the velocity ratio
above 9. As shown in Figure 4.1a, the obliquity seemed to affect significantly the critical
velocity of rebound. Based on the comparison of the theoretical fits, the critical velocity
values for velocity ratios of 2–4 differed from the values for the close-to-normal impacts
(ratio < 1.5) by a factor of 4. The critical velocities for the most oblique impacts with the
velocity ratio above 9 were more than a magnitude lower than the critical velocities for
the close-to-normal impacts. These results are in line with the observations of previous
studies (Brach et al., 2000; Chen et al., 2015; Wang and John, 1988), and they provide
a means to estimate quantitatively the effect of the obliquity on the critical velocity of
rebound in impactors.
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Figure 4.1: (a) The critical velocity of rebound as a function of the particle size for ammonium
fluorescein particles with respect to the obliquity of the impact. (b) The critical velocity
normalized with an arbitrary theoretical critical velocity (vtheor) as a function of the ratio of
the maximum tangential (vt,max) and normal (vn,max) velocities. The ratio of the maximum
tangential and normal velocities corresponds to the obliquity of the impact. Three different
groups of data can be seen. (Adapted from Paper III.)

The critical velocities determined during the research of this thesis are presented as a
function of the particle size in Figure 4.2. Also the results from previous studies, introduced
in Figure 2.3, are shown. The results for sodium chloride (NaCl) and levoglucosan particles
on a steel substrate were reproduced from the material coefficient values reported in
Paper I. These critical velocities were calculated using Equation (2.5), the material
coefficient values, and the geometric mean diameter of the polydisperse size distributions.
In Paper II, the critical velocity of rebound was determined in a wide sub-micron size
range for silver (Ag) particles on an aluminum substrate. The results for ammonium
fluorescein (AF) particles with different surface materials, including the critical velocities
of the close-to-normal impacts from Paper III, were used for a further analysis. Paper
IV provided the critical velocities for fungal spores (Aspergillus versicolor) and silicon
carbide (SiC) on an aluminum substrate. The main results for silver and ammonium
fluorescein were checked to be comparable with respect to the obliquity of the impact.
As seen in Figure 4.2, the results of this thesis significantly contributed to the present
knowledge of the critical velocity of rebound. The results for silver particles filled the gap
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Figure 4.2: The critical velocity of rebound as a function of the particle size. All the results of
this thesis are presented with respect to the previous studies of (1) Rennecke and Weber (2013a),
(2) Wall et al. (1990), (3) Wang and John (1988), (4) Rogers and Reed (1984), (5) D’Ottavio
and Goren (1982), (6) Cheng and Yeh (1979), and (7) Esmen et al. (1978). The legend shows
the material of the particle/surface. The values for sodium chloride (NaCl) and levoglucosan
particles were reproduced from the results of Paper I. The critical velocity for silver particles
was determined in Paper II, for ammonium fluorescein (AF) in Paper III, and for Aspergillus
versicolor (A.v.) fungal spores and silicon carbide (SiC) in Paper IV. The dashed and solid
lines are fits for aluminum and steel substrates, respectively, and the error bars represent the
uncertainty of the method for two material pairs (Ag/Al and AF/Steel).

between micron-sized particles and nanoparticles in a previously unexplored sub-micron
size range. Furthermore, because of the wide size range and large number of data points,
reliable information on the particle size dependency was obtained. The critical velocity
of rebound was found to be dependent on the power of −1.6 of the particle size with a
coefficient of determination (R2) of 0.924 obtained for the fit. The exponent value was in
line with the previous studies for micron-sized particles but differed from the theoretical
value which is −1. Within the accuracy of the method, the same size dependency covered
the whole size range observed for silver particles and no clear change of the slope was
seen. According to the theoretical knowledge, this would indicate a size dependency
in the Hamaker constant or in the coefficient of restitution defined by Equation (2.6).
The size dependency for ammonium fluorescein particles was found to be closer to the
theoretical dependency but the observation was not as reliable because of a small amount
of data as a function of the particle size. With the method used for sodium chloride and
levoglucosan particles, the size dependency could not be analyzed. The error bars in
Figure 4.2 represent the uncertainty of the critical velocity values determined with the
VNAI for silver particles and for ammonium fluorescein on a steel substrate, and they
were determined by simulating the impact velocities with an accuracy of ±1mm in the
critical slit length. Unfortunately, there seemed to be a high variation in the accuracy
of the critical velocity values arising from the variation of the impactor parameters and
impaction conditions. However, in most of the previous studies, the accuracy of the
results have not been estimated at all.

According to our results, the particle material can significantly affect the value of the
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critical velocity. The fits in Figure 4.2 for aluminum and steel as a surface material ease
the comparison between different particle materials. The difference between the results
for silver particles with an aluminum substrate and the results for ammonium fluorescein
with the same substrate was substantial. At the particle size of one micron, the difference
in the critical velocity was approximately two orders of magnitude. On the other hand,
our results for ammonium fluorescein on a steel substrate agreed well with the results of
Wang and John (1988) for the same materials, but there was a difference between our
results and the results of Wall et al. (1990) for ammonium fluorescein on molybdenum,
and Tedlar substrates. This difference was most likely due to the different methods used
in these studies. The critical velocities for ammonium fluorescein were determined in
this thesis by using a combination of impactor measurements and numerical simulations,
whereas the results of Wall et al. (1990) were based on the direct measurement of the
coefficient of restitution. Even though the impacts were found to be close-to-normal in
the impactor, the direct measurement enables more accurately controlled normal impacts.
This issue was already raised by Wang and John (1988). The critical velocities for sodium
chloride and levoglucosan were found to be much higher than the critical velocities for
silver in the same size range. In these results, the morphology of the particles, connected
to the different generation methods, may play an important role. Rennecke and Weber
(2013a) already showed that the critical velocity of porous and dense sodium chloride
particles differed significantly from each other. In our measurements, the sodium chloride
and levoglucosan particles were not spherical and the inner structure was not analyzed.
In addition, the uncertainty related to the used method for polydisperse particles was
significant. Because the particles bounce on several stages in the cascade impactor, this
method can possibly emphasize the accurately normal impacts at the lower impactor
stages more than the method based on single stage impactor measurements, which may
also result in higher critical velocities. The fungal spores were found to rebound from an
aluminum substrate more easily than silicon carbide or ammonium fluorescein. This can
be relevant from the perspective of indoor aerosols and ventilation systems.

The role of the surface material could also be estimated based on the results shown in
Figure 4.2. Within the accuracy of the method, different surface materials, including
steel, aluminum, molybdenum, and Tedlar, seemed to have only a minor effect on the
critical velocity of rebound for ammonium fluorescein particles. This observation was
consistent with the results of Wall et al. (1990), although the direct measurement of the
coefficient of restitution enabled to distinguish relatively small differences between Tedlar
and other materials. The comparison of the results for silver particles on an aluminum
substrate determined in this thesis and the results for silver particles on a mica substrate
determined by Rennecke and Weber (2013a) also showed a similar tendency. With small
particle sizes, the critical velocities were almost the same and the difference slightly
increased with the increasing particle size. All in all, the effect of the surface material on
the critical velocity was found to be small compared to the effect of the particle material.
This indicates that the mechanical properties of particles affect the critical velocity much
more than the adhesion between the particle and surface materials. All of the studied
surface materials were hard materials, and the situation would be different with soft
materials or materials covered with grease or liquid layer, leading to dissipative processes
and energy losses in the surface.
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4.2 Triboelectric charging

The transferred charge during rebound was measured in Paper IV as a function of the pre-
existing charge. Spores of three different fungal species (Aspergillus versicolor , Penicillium
brevicompactum, Cladosporium cladosporioides), two reference particle materials (silver,
silicon carbide) and five different surface materials (steel, glass, polystyrene, paper, PTFE)
formed the matrix of different particle – surface combinations. For each combination, the
transferred charge was measured several times with different pre-existing charges. Linear
functions, corresponding Equation (2.7), were fitted to the measurements, and the charge
transfer parameters, qc and β, were obtained. The β-parameter was the slope of the fit
and the contact charge represented the transferred charge for a previously neutral particle.
The correspondence between the theoretical fits and experimental data was good, except
in a few cases for steel and glass substrates. This was confirmed statistically by the 95%
confidence limits obtained for the fitting parameters. The β-values were mainly between
0.2 and 0.7. Based on our results, β seemed to depend on the surface material. The
highest values were obtained for PTFE (average with a standard deviation 0.63±0.08)
and glass (0.51±0.18), and the lowest values for paper (0.28±0.15) and steel (0.29±0.24).
The contact charge (qc) values varied from −830 to +710 elementary charges which are
in the same order of magnitude than the values previously published by John et al. (1980)
for different material pairs. For the fungal spores, the contact charge values with a steel
substrate were negative and close to each other, but a substantial variation was found
with a glass substrate, including both positive and negative values.
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Figure 4.3: The contact charge as a function of the particle size. The color and marker shape
represent the surface and particle material, respectively. The contact charge values for sodium
chloride (NaCl) and levoglucosan were reproduced from the results of Paper I. The values for
silicon carbide (SiC), silver (Ag), and Aspergillus versicolor (A.v.) fungal spores were adapted
from Paper IV.

The contact charge values were also determined for sodium chloride and levoglucosan
nanoparticles on a steel substrate in Paper I. The output parameters from the response
model, i.e. the contact charges corresponding the particle size of 100 nm and the impact
velocity of 100m/s, were positive and on average 0.49(±0.15) and 0.22(±0.14) elementary
charges per particle for sodium chloride and levoglucosan, respectively. These values were
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converted to the contact charges corresponding to the geometric mean diameter of the
polydisperse size distributions and the impact velocity of 25m/s by using the theoretical
dependency of the contact charge on the cube of the particle diameter and on the impact
velocity. The impact velocities in Paper IV were calculated to be approximately 25m/s.
Consequently, Figure 4.3 shows the positive contact charge values obtained from Paper
I and IV as a function of the particle size. Despite the variety of different particle and
surface materials, the data seemed to obey approximately the theoretical size dependency.
The highest contact charge values were measured for steel as a surface material and the
lowest values for PTFE. Interestingly, also negative contact charge values were measured
for steel with some particle materials, such as fungal spores. Table 4.1 shows a quantified
triboelectric series for glass, polystyrene and PTFE based on the contact charging with
A.v. fungal spores, silver and silicon carbide. All of these three series, based on three
different surface materials, behaved consistently with each other and were also comparable
with a reference adapted from a contact charge measurement between macroscopic objects
(Diaz and Felix-Navarro, 2004).

Table 4.1: Quantified triboelectric series for three different surface materials based on the
contact charging with Aspergillus versicolor (A.v.) fungal spores, silver (Ag), and silicon carbide
(SiC) particles. A reference (qref) from the study of Diaz and Felix-Navarro (2004) is based on the
contact charging with a macroscopic object made of gold. PTFE refers to polytetrafluoroethylene.
(Adapted from Paper IV.)

Gold* A.v. Ag SiC
qref (nC) qc (e) qc (e) qc (e)

Glass 1.3 113 132 335
Polystyrene 0 43 18 104
PTFE −2.8 −37 2 20
* Diaz and Felix-Navarro (2004)

Two different experiments were conducted in Paper IV to study the contact charging
during resuspension, and the net charges were measured with the same materials used in the
rebound experiment. A comparison between the results from these two experiments showed
no correlation. The net charge from the FSSST varied from −747 to +48 elementary
charges, and it was found to be negative or close to zero for all the material pairs. Also
the fungal spores generated directly from an agar substrate obtained a negative net charge.
On the contrary, the net charge from the impactor resuspension ranged from −210 to
+310 elementary charges and both polarities were represented. The impactor resuspension
with a more sophisticated particle deposition process seemed to better describe the contact
charging during resuspension from different surfaces. Most likely, the charging state
of particles measured directly from the FSSST poorly represented the charging state
from fundamental resuspension, but it was a product of the sample preparation process,
multilayer deposits, and collisions after the re-entrainment. Nevertheless, the results
reported in this thesis are important for the characterization of the FSSST as a generation
method widely used for fungal spores.

Figure 4.4a shows the contact charge obtained from the rebound experiment as a function
of the net charge from the impactor resuspension for different particle and surface
materials. In spite of the wide variation, a negative correlation between these two
quantities can be seen. This is reasonable because the contact charge was defined as the
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transferred charge from a neutral particle to a surface, and the charge from the impactor
resuspension was the charge obtained by the particle. The correlation indicated that
the triboelectric charging of particles during rebound correlated with the triboelectric
charging of particles during resuspension. The similarity of these two phenomena is
schematically illustrated in Figure 4.4b. Consequently, by investigating the charging
properties of particles in a rebound test, it is also possible to predict their behavior
during resuspension. This is especially important in indoor environments where the
resuspension of fungal spores and other particles from surfaces of different materials can
significantly affect the charge and dynamics of the particles, but the challenges related to
the experimental characterization of resuspension restrain the characterization. However,
the connection of the charging behavior during resuspension and rebound found in this
thesis should be further studied with different materials and different experimental setups
relevant for real-world environments.

(a) (b)

+

−−

+

++

−−

Figure 4.4: (a) The contact charge measured during rebound as a function of the charge from the
impactor resuspension experiment. The color and marker shape represent the surface and particle
material, respectively. A dashed line represents the negative one-to-one correlation line. A.v., P.b.,
and C.c. are abbreviations for fungal species Aspergillus versicolor , Penicillium brevicompactum,
and Cladosporium cladosporioides, respectively. PTFE refers to polytetrafluoroethylene, SiC to
silicon carbide, and Ag to silver. (b) A schematic illustrates the similarity of the charge transfer
during rebound and resuspension. (Adapted from Paper IV.)





5 Conclusions

The interaction between particles and surfaces is a fundamental issue in aerosol physics.
The scientific knowledge of this interaction has previously provided a basis for many
innovations and improvements in aerosol instrumentation and applications. In addition,
the research of surface interaction phenomena has been found to characterize important
structural properties of particles, for example, in the field of atmospheric aerosols and
engineered nanoparticles. The ever-increasing number of applications and the need of
detailed information on the structural properties requires more profound knowledge of the
surface interaction phenomena. In this thesis, the rebound of particles from a surface and
the electrical charge transfer taking place during rebound and resuspension were studied.

New methods for investigating particle rebound and charge transfer were developed and
introduced. The response model connected to the certain measurement procedure with an
electrical low pressure impactor (ELPI) provided a simple method for characterizing the
rebound and charge transfer of polydisperse nanoparticles. On the other hand, the method
can generally be used as a tool to recognize unwanted rebound and charge transfer in
cascade impactors. The main instrument, developed during the research of this thesis and
used in the experiments, was the variable nozzle area impactor (VNAI). It is a new type
of an impactor that can be applied to study different surface interaction phenomena as a
function of the particle impact velocity. In this thesis, the VNAI was used to determine
the critical velocity of rebound. The advantage of the VNAI is that it covers a wide
size range from nanoparticles to micron-sized particles and the impaction conditions
are well controlled. As a slit type impactor, it provides uniform impact velocities, and
different phenomena, such as the obliquity of impacts, can also be studied by modifying
the impactor width and the volumetric flow through the impactor. In addition to the
development of the rebound experiments, the thesis also included characterization of the
resuspension test systems, such as the fungal spore source strength tester (FSSST) and a
single stage impactor, with respect to the triboelectric charging.

The critical velocity of rebound was determined for different particle and surface materials
in a wide particle size range. The size range also included a previously unexplored region,
and the results of this thesis filled the gap between the previous results for nanoparticles
and micron-sized particles. Within the accuracy of our method and explored materials,
the particle material was found to have a substantial effect on the value of the critical
velocity but the effect of the surface material was insignificant. The critical velocity for
ammonium fluorescein particles was approximately two orders of magnitude higher than
the critical velocity for silver particles at the particle size of one micron. The tested
hard surface materials, including steel, aluminum, molybdenum, and Tedlar, differed
only slightly from each other. However, the relatively great amount of different materials
enabled a comprehensive comparison to previous studies. It was found that the methods
based on impactor measurements agreed with each other but the methods based on the
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direct measurement of the particle velocity provided slightly higher critical velocities. This
observation was in line with the fact that the increasing obliquity of the impact was shown
to substantially decrease the critical velocity of rebound. Consequently, the obliquity
of the impact should be taken into account in designing instruments and applications
possibly dealing with particle rebound.

The parameters of triboelectric charge transfer were measured for nanoparticles, fungal
spores and micron-sized test dusts. In the nanoparticle size range, the contact charge
values of sodium chloride and levoglucosan were determined in an ELPI for bouncing
particles. For fungal spores and test dusts, the triboelectric charging during rebound was
found to correlate with the triboelectric charging during resuspension. This is an important
result connecting these two mechanically very different phenomena from the point of
view of charge transfer. The observation increases the understanding of triboelectric
charge transfer and provides new possibilities for the experimental characterization of the
phenomena, as well as for different applications. However, a need for further experiments
still exists to truly understand the fundamental connection and show the relevance of this
observation in real-world environments.

Spores of different fungal species were found to charge both positively and negatively
during resuspension and rebound with different surface materials. The surface interaction
of fungal spores is of great interest in indoor environments, because of their adverse health
effects and the dynamics typical for micron-sized aerosol particles. The deposition of
fungal spores is relatively fast and they may also be resuspended easily. In ventilation and
filtration systems, they may impact on fibers and walls. In addition to the charge transfer
properties, also the critical velocity of rebound was determined for fungal spores in this
thesis and found to be relatively low compared to other particle materials. All in all, the
results of this thesis provide a means to predict the charging and dynamics of fungal
spores in indoor environments, as well as to enhance the development of monitoring and
sampling methods for bioaerosols.
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a b s t r a c t

Bouncing and charge transfer between a particle and a surface are fundamental

phenomena in aerosol physics. In this study, a new method is presented for characteriz-

ing these phenomena in the nanometer size range. The method is based on electrical

detection of particles and on a new manner to exploit an electrical low pressure impactor

(ELPI). By measuring particles with and without the charger, bouncing and charge

transfer can be distinguished. To connect the measurement with the existing theoretical

knowledge, a new model describing the bouncing and charge transfer behavior in a

cascade impactor is presented. The model is linked to measurements through a fitting

process which provides theoretical parameters for polydisperse nanoparticles. With this

method, the bouncing and charge transfer of nanoparticles can be described by the

existing theory of micrometer-sized particles. To demonstrate the performance of the

method in practice, measurements were carried out to define the parameters for sodium

chloride and levoglucosan particles.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Nanoparticles are of interest in many fields of aerosol physics. Present research of aerosol synthesis, atmospheric
aerosols, traffic related aerosols and their health effects is focused on ultrafine particles, i.e. particles below 100 nm
(Kittelson et al., 2004; Kruis et al., 1998; Kulmala et al., 2004). It is well known that the properties of nanoparticles can
differ significantly from those of larger aerosol particles and, in general, all the knowledge should be confirmed before
applying it to nanoscale. In that sense, the interaction between a nanoparticle and a surface is rather poorly understood,
especially considering the phenomena of particle bouncing and charge transfer.

Motivation to study the bouncing of aerosol particles has often been in means to prevent or reduce it. There are several
studies focused on impactors and filters where particle bouncing is an undesirable phenomenon (e.g. Chang et al., 1999;
Fujitani et al., 2006; Mullins et al., 2003). Charge transfer is a side effect of bouncing when a particle is in a contact with
different surface material. Charge transfer has been studied as a fundamental phenomenon (John, 1995; John et al., 1980)
and within some medical inhalator applications, in which the role of contact charging is significant (Matsusaka et al., 2010;
Watanabe et al., 2007). Common for both bouncing and charge transfer is that experimental studies are practically
restricted to particle sizes over one micrometer. In spite of the experimental challenges and the lack of interest from
the perspective of medical inhalators in the nanometer size range, a few studies have recently been published related to
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the bouncing and charge transfer of nanometer-sized particles. Weber & Wu (2009) defined yield points for particle
materials by measuring the charge transfer of spherical metal nanoparticles. Furthermore, recent fragmentation studies of
nanoparticle agglomerates are closely related to particle bouncing (Froeschke et al., 2003; Seipenbusch et al., 2007).

Recently, an electrical low pressure impactor (ELPI) was used in a totally new manner to indicate an amorphous solid
state of secondary organic aerosol particles (Virtanen et al., 2010). The method was based on particle bouncing in the
impactor. The ELPI, originally developed by Keskinen et al. (1992), is a commercially available measuring device, in which
particles are charged in a corona charger and led to a cascade impactor. The device is capable of measuring an aerosol size
distribution in the size range of 7 nm to 10 mm. In the normal operation of an ELPI, particles are collected on impactor
substrates and a current signal is measured at each impactor stage connected to an electrometer. However, if particles are
bouncing in the impactor, apparent changes can be observed in the measured current distribution compared to the ideal
case of non-bouncing particles.

A concept of bounce factor was defined to quantify the amount of bounce in an ELPI (Virtanen et al., 2010, 2011). The
factor is calculated simply from the extra current measured at the lowest impactor stage or filter stage, and it should
represent the ratio of the current transferred by bounced particles to the ideal current of non-bouncing particles. However,
the problem is that the factor does not take into account possible charge transfer nor the precise characteristics of a
low pressure cascade impactor. More recently, Kannosto et al. (accepted) were able to define a lower limit for the bouncing
probability of particles by taking into account possible charge transfer in a simplified manner. Although the procedure was
based only on the measurements of secondary organic aerosol particles with an ELPI equipped with greased substrates, the
bounce probability represented the real fraction of bounced particles at a single impactor stage. However, in this respect, it
is more accurate and more applicable to use a single stage impactor and an optical measurement of particle concentration.
Saukko et al. (2012) introduced a method of this kind, naming the corresponding bounce probability as bounced fraction.
Principally, this method is a very good means to measure particle bounce with similar conditions for all particles, but it
practically requires a monodisperse aerosol sample. In this work, the analysis of bouncing and charge transfer rests upon
previous theoretical knowledge. The theoretical knowledge of particles over one micrometer is applied in the nanometer
size range. The contact charge in charge transfer and the capture limit velocity of bouncing are even more profound
concepts than bounce probability in the case of a single stage impactor. Through a new model and a principle of
measurement introduced in this work, the measurement of a polydisperse aerosol sample with an ELPI can be connected
to these concepts.

Using an ELPI or another instrument based on electrical measurement of particles in bouncing and charge transfer
measurements, there is especially one question that should be settled. That is how to distinguish the phenomena of
bouncing and charge transfer from each other. In this work, the key to the solution is that particles are measured with two
different preliminary states of charge. Simply by calculating the difference of the two measured currents, the fraction
of bounced particles can be seen. This simple principle of measurement is the basis of this study but it will also be
accompanied with a fundamental theoretical analysis and modeling of the instrument behavior.

For the further analysis, a new model for bouncing particles and charge transfer in an ELPI is presented. The model is
based on previous theories of bouncing and charge transfer (Dahneke, 1971; John et al., 1980) and on a recent flow field
model of a low pressure impactor (Arffman et al., 2011). The aim of the bouncing and charge transfer model is to calculate
the theoretical output of the instrument starting from an aerosol size distribution and parameters describing the bounce
and charge transfer properties of particles. Finally, when measurements with an ELPI and with a scanning mobility particle
sizer (SMPS) are performed simultaneously, the bounce and charge transfer properties of nanoparticles can be defined by
fitting the modeled currents to the measured ELPI currents.

2. Theoretical background

2.1. Bouncing

There are three elements that affect the process when an aerosol particle collides with a surface. Those three elements
are adhesion, the initial velocity of the particle and energy loss mechanisms in the collision. Assuming a spherical particle
and an infinite smooth surface, the adhesion energy between the particle and the surface can be written as (Dahneke,
1971)

Eadh ¼
Adp

12z0
, ð1Þ

where dp is the particle diameter, A is Hamaker constant and z0 is the separation distance usually assumed to be 0.4 nm.
Hamaker constant is dependent on both particle and surface materials. It arises from the van der Waals interaction of
molecules and can be calculated theoretically using Lifshitz theory (Bergström, 1997).

The relation between the initial velocity of the particle vi, perpendicular to the surface, and the rebound velocity of the
particle vr is called coefficient of restitution,

CR ¼
vr

vi
, ð2Þ
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and it represents the amount of energy losses in the collision. The smaller the value of CR, the more energy is lost during
the impaction and rebound. In practice, there are several different energy loss mechanisms in the case of an aerosol
particle and a firm surface, but the most important is the plastic deformation of the particle. Particle bouncing was studied
in more detail from the aspect of plastic and elastic deformation by Rogers & Reed (1984).

Because of the energy losses and relatively large adhesion energies arising from the area-to-mass ratio, aerosol particles
do not usually bounce after a contact to a surface but they tend to adhere. According to Hinds (1999), this is one of the
characteristics that distinguishes aerosol particles from gas molecules. However, if the initial velocity of a particle is large
enough, its kinetic energy after the contact may suffice to overcome the adhesion energy resulting particle bounce. For the
initial velocity, there is a certain capture limit vn

i , which can be derived from the Eqs. (1) and (2) by setting the rebound
kinetic energy equal to the adhesion energy. This was done by Dahneke (1971) and the result is

vn

i ¼
a
dp

, ð3Þ

where the material coefficient of bouncing

a¼ Að1�C2
RÞ

pz0rpC2
R

 !1=2

, ð4Þ

is dependent on the coefficient of restitution, Hamaker constant and particle density rp. Thus, according to the theory, the
capture limit is inversely proportional to particle diameter. Note also the dependency on particle density: ap1=

ffiffiffiffiffiffirp

p
. John

(1995) collected results from several experimental studies in the micrometer size range showing that the value of the
product vn

i dp spanned approximately an order of magnitude for different particle and surface materials, corresponding a
values between 10�6 and 10�5 m2/s. Cheng & Yeh (1979) introduced a semi-empirical relationship for the capture limit in
an impactor,

vn

i dp

ffiffiffiffiffiffi
rp

r0

s
¼ B� 10�6 m2=s, ð5Þ

where r0 is the unit density and B ranges from 2.5 to 9.2 depending on the particle and surface materials and the type of
the impactor. In this representation, material coefficient a¼ ðB� 10�6 m2=sÞ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rp=r0

q
.

2.2. Charge transfer

Charge transfer between a particle and a surface is a triboelectric phenomenon, in which electrons are transferred due
to the properties of different materials. From the point of view of a particle, the process can also be called as contact
charging or triboelectrification. The difference between these two terms may not always be recognized but, for example,
Bailey (1984) considered the triboelectrification as more general than contact charging, because it includes sliding/
frictional contact. A theoretical approach to the phenomenon, supported by extensive experimental data in the micrometer
size range, was introduced by John et al. (1980). Starting from the elasticity theory of Hertz, they derived theoretical
equations for a spherical particle and a smooth surface. The charge transfer process was divided into two parts, one
depending on the material properties and particle size, and another depending on the particle precharge. As a result, the
total charge transferred in the contact could be written as

qtot ¼ qcþbq0, ð6Þ

where qc is the contact charge, q0 is the precharge and b is a constant describing precharge sensitivity of the process. All
the details of the theory are not presented here, but one equation is important related to this work. That is the final form of
the equation of contact charge for insulating particle materials. According to John et al. (1980),

qc ¼
0:3675pVc

z0KR
5

4
p2rpðkpþksÞ

� �4=5

v3=5
i d3

p, ð7Þ

where Vc is the contact potential between the particle and surface materials, K is the dielectric constant, R is the resistivity,
kp is the elasticity parameter of particle material, ks is the elasticity parameter of surface material and vi is the impact
velocity. Note that qc is proportional to r4=5

p .
The theoretical dependencies were confirmed and parameter values for different materials were defined in the

experiments also performed by John et al. (1980). In the measurements, a single stage impactor and aerosol particles from
3 to 7 mm were used. They found that contact charge was dependent on substrate material but the substrate did not
significantly affect the value of b. For methylene blue particles the average value of b was 0.04370.009, for potassium
biphthalate 0.03670.016 and for sodium chloride 0.4270.05. Theoretically, contact charge is proportional to particle
diameter raised to the power of two for conducting materials and raised to the power of three for insulating materials.
As an example, John et al. (1980) measured for sodium chloride particles on a steel substrate a size dependency of
qc ¼ 124� d2:45

p , where dp is in micrometers and the unit of the result is elementary charge. They used an impact velocity
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of 50 m/s. In this work, the size dependency of contact charge is formulated as

qcðdpÞ ¼
qc,0

dbc

p,0

� dbc

p , ð8Þ

where bc is the power of the dependency and qc,0 is the contact charge for a certain particle size dp,0. In addition to size
dependency, contact charge is also dependent on impact velocity vi. John et al. (1980) noticed in the experiments that
contact charge is directly proportional to impact velocity, although the theory would predict qc being proportional to v3=5

i .
In this work, for a certain particle size, the dependency is formulated as

qcðviÞ ¼
qc,0

vi,0
vi, ð9Þ

where qc,0 is the contact charge for a certain impact velocity vi,0.

2.3. Impaction velocities

In an experimental analysis of particle bouncing, it is essential to quantify the impaction velocities of particles. There
are some methods based on direct measurement such as laser doppler velocimetry, which was used for example by Wall
et al. (1990) for particles over one micrometer, and high speed cameras which can be used for macroscopic spheres.
Nevertheless, none of these methods are directly applicable for nanometer-sized particles. First steps in applying optical
velocity measurement for nanoparticles were taken by Reuter-Hack et al. (2007). They used ‘‘transparent’’ agglomerates of
low fractal dimension, which have optical size adequate for optical detection but are aerodynamically much smaller.

Besides the challenging experimental methods, another means is to use flow field modeling. Impaction velocities can be
defined by modeling the flow field in impactors and calculating the trajectories of particles. Recently, Arffman et al. (2011)
published a flow field model of a low pressure impactor, in which the flow field was solved with a commercial CDF
modeling software and particle trajectories were defined using Lagrangian methods. The study was focused on calculating
the collection efficiency curves but the model is applicable also in predicting impaction velocities. When calculating
collection efficiency curves, particles are considered to impact when they have a velocity component perpendicular to the
surface close to the impaction plate.

In this work, the model of Arffman et al. (2011) for ELPI is exploited in quantifying impaction velocities with a semi-
empirical approach. First of all, the impaction velocities were calculated with the model for several impactor stages and for
several particle sizes. This information was combined with the known impactor pressures and the impaction velocity
profiles, i.e. impaction velocities as a function of radial distance from the center of the jet, were defined for the cut-off
particle sizes of all the impactor stages. The results of the model were also used to generate a functional form for the size
dependency of impaction velocity. The final form is

vi,nðdaÞ ¼ vj,n�
d50,nðvj,n�v50,nÞ

da
, ð10Þ

where da is the aerodynamic particle diameter, vj,n is the jet velocity, d50,n is the cut-off size and v50,n is the velocity from
the velocity profile of the cut-off size, all of which are defined for a stage n. The impaction velocities are seen in Fig. 1 as a
function of radial distance from the center of the jet, r, and as a function of particle diameter for the 2nd impactor stage of
an ELPI.

Fig. 1. Impaction velocities vi,2 (a) for different particle sizes as a function of radial distance from the center of the impactor jet, r and (b) for three

different radial distance as a function of particle size at the 2nd stage of an ELPI. The cut-off size of the stage is 55 nm, the radius of the jet 120 mm and the

flow velocity in the jet 239 m/s.
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The semi-empirical approach means that the impaction velocities were adjusted to correspond with the experimental
collection efficiency curves by determining a certain cut-off size for each impactor stage and adding random noise to the
velocities. The latter can also be justified physically because the pure model does not take account the effect of turbulent
diffusion on impact velocities. Fig. 2 shows an example of this adjusting for the 1st impactor stage of an ELPI. The collection
efficiency calculated by the model of Arffman et al. (2011) is sharper than the measured collection efficiency and the
cut-off size is slightly different. In the semi-empirical approach, calculated impaction velocity profiles are moved either
towards smaller or towards larger particle size, so that the cut-off size d50 matches with the experimental collection
efficiency curve. Finally, random noise of 15% is added to the impaction velocity profiles in order to achieve more realistic
shape for the collection efficiency curve. Because of the variation caused by the randomness, a set of 100 different cases
and averaging are used.

3. Method description

Electrical detection of particles is problematic in measuring particle bouncing and charge transfer. For example, by
measuring a current signal from a single impactor stage, it is practically impossible to distinguish the current caused
by impacted particles from the current caused by bounced particles and charge transfer. In addition, if the amount of
transferred charge is not known, the state of charge of bounced particles continuing to further measurements remains
unknown. In this work, this problem is solved with a new approach, which includes a theoretical assumption and a
principle of measurement. The theoretical assumption is that the parameter b can be approximated as zero, i.e. the amount
of transferred charge is not dependent on the precharge of a particle. And further, the principle of measurement states that
by measuring particles with two different preliminary states of charge, the fraction of bounced particles can be seen from
the difference of the measured currents.

In practice, the experimental part of the method introduced in this work consists of two current distribution
measurements with an ELPI. The first Ich,on is measured with the charger and the other Ich,off is measured without the
charger. Thus, the initial charge distribution of the particles is described either by the charging efficiency curve of the ELPI
charger or by the equilibrium charge distribution of net neutral particles. In both cases, it is enough to use the average
number of charges per particle as an estimate of the charge distribution, which in the latter case is simply zero. Assuming
b� 0, it is possible to eliminate the effect of charge transfer on the current distribution by calculating the difference of the
two measured currents. In this study, so-called bounce current is defined

Ib ¼ Ich,on�Ich,off , ð11Þ

which now represents the fraction of bounced particles, i.e. the current distribution in the case no charge transfer occurs.
Only by measuring Ich,on and Ich,off with an ELPI, the bounce current can be defined and analyzed further. For instance,

the bounce factor analysis used by Virtanen et al. (2010, 2011) is now exploitable for a current distribution that is not
disturbed by charge transfer. However, the bounce factor analysis still includes some problems such as changes in the
particle size and density, which can affect the final bounce factor value even if the ability to bounce would stay unchanged.
Another weakness of the bounce factor analysis is that it does not provide any absolute information comparable to
fundamental theories or other studies. Consequently, this study focuses on a more profound method, but it is good to
remember that the bounce factor analysis together with the defined bounce current provides a simple and approximate

Fig. 2. Collection efficiency w of the 1st stage of an ELPI as a function of aerodynamic particle size. The semi-empirical approach of adjusting the

impaction velocities of the model provides a more realistic cut-off curve than the pure model.
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on-line method for bouncing measurement. The more profound method introduced in this work is based on a size
distribution measurement with an SMPS together with the ELPI measurement and calculation of bounce current. The idea
is to simulate the measured ELPI current distributions starting from a size distribution by modeling the bounce and charge
transfer behavior of incoming particles in an ELPI. The simulated current distributions are dependent on the theoretical
parameters of bouncing and charge transfer and through a fitting process the values of these parameters can be defined.

4. Model

A new model describing the bounce and charge transfer behavior of nanoparticles in an ELPI is presented here. As an
input for the model, there are incoming aerosol distribution in the form of mobility size distribution, effective density
of the incoming particles and parameters of bouncing and charge transfer describing the particle–surface interaction.
Effective density is required to convert particle mobility size to aerodynamic size and vice versa. The relation between
these two size metrics is

reff CCðdbÞd
2
b ¼ r0CCðdaÞd

2
a , ð12Þ

where db is the mobility diameter, da the aerodynamic diameter, CC the slip correction factor and reff the effective density.
In this work, the mobility diameter db is identified with the particle diameter dp used in the bouncing and charge transfer
model. The output of the model is the same as the output of the instrument in measurements including current
distributions with and without the charger, Ich,on and Ich,off , respectively. In addition, the bounce current derived from
these by Eq. (11) plays an important role in comparing the model and measurements.

To obtain an idea of the model and its operation, it is reasonable to explain the process at a single impactor stage in
detail. There are a few factors that play an important role in the process. Those are the collection efficiency curve of the
impactor stage, bouncing probability and the charge distribution of the incoming particles. As an example, the collection
efficiency w of the second stage of an ELPI and the corresponding bouncing probability Pb,2, calculated with the help of
impaction velocities and Eq. (3), are illustrated in Fig. 3. When a particle distribution f nðdb,reff Þ with a certain particle
density enters the stage n, it is straightforward to calculate the part of the distribution f i,n that impacts and another part
f b,n that bounces after the impact, i.e. f i,n ¼ wnðdaÞf nðdb,reff Þ and f b,n ¼ Pb,2ðdbÞf i,n (or f b,n ¼ Pb,2ðdpÞf i,n). Finally, the part that
remains at the impactor stage is

f f ,n ¼ f i,n�f b,n, ð13Þ

and the part that continues to the next stage, f n�1, is the complement of the latter.
The last procedure at a single stage is to calculate the output of the model, i.e. current signal caused by the impacted

and bounced particles. The charge distribution of the incoming particles is an essential part of the preliminary information
required in the procedure. As mentioned earlier, the charge distribution gnðdbÞ entering the stage n is initially either zero or
equal to the charging efficiency curve of the ELPI charger. Charging efficiency of the ELPI charger is often presented as a
function of particle mobility size in the form (Marjamäki et al., 2002)

Pn¼
222:49� d1:3637

b , dbr0:023 mm,

68:12� d1:32
b , db40:023 mm,

8<
: ð14Þ

Fig. 3. Measured collection efficiency wmeas, modeled collection efficiency wmod without diffusion losses and bounce probability Pb,2 as a function of

particle size for the 2nd stage of an ELPI. In this figure, effective density is assumed to be one and thus da ¼ db. In addition, collection efficiency wbounce

when bouncing occurs and the illustrated bounce probability are shown.
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where P is the particle penetration through the charger and n is the average number of charges per particle. Because the
losses of the charger are mainly caused by the electric field in the charger, it is technically correct to include the
penetration function to the initial charge distribution (i.e. gn ¼ Pn) when the charger is considered to be on but not when
the charger is considered to be off. In the latter case, the charge distribution is initially zero.

At the stage n, the final current signal is caused by the particles f f ,n and by the particles f b,n through charge transfer. The
first part is calculated as

I0n ¼ eQ

Z 1
0

gnðdbÞf f ,nðdbÞd log db, ð15Þ

where e is the elementary charge and Q is the flow rate through the impactor. The current induced by the bounced
particles and charge transfer can be calculated by integrating Eq. (6) over the distribution f b,n and multiplying it with the
term eQ. The result is

I00n ¼ eQ

Z 1
0
ðqcðdbÞf b,nðdbÞþbgnðdbÞf b,nðdbÞÞd log db: ð16Þ

Summing up the currents from Eqs. (15) and (16), the total current for the stage n and a part of the model output is
obtained

In ¼ I0nþ I00n: ð17Þ

One of the main elements of the charge transfer process in a cascade impactor is that the charges of the particles may
change after bouncing several times. In the model, this is taken into account by calculating the charge distribution over
again after each impactor stage. The change is defined recursively as

gn�1 ¼ gnþ

Z 1
0

f b,nðdbÞ

f f ,nðdbÞ
ðqcðdbÞþbgnðdbÞÞd log db: ð18Þ

So far, it is shown how the output current In is calculated at the stage n and how the particle size distribution f n�1 and
the charge distribution gn�1 continuing to the next stage are determined. Next step is to repeat the procedures for the
stage n�1.

Not only the model but also the manner it is connected to measurements is a crucial part of this work. If there are
measured current distributions with and without the charger, the modeled currents can be fitted into the measured
currents by searching optimum values for fitting parameters. The three fitting parameters are the effective density reff , the
material coefficient of bouncing a and the contact charge qc,0, the latter corresponding particle size dp,0 and impaction
velocity vi,0. According to Eqs. (4) and (7), material coefficient and contact charge are dependent on particle density.
Therefore, they are also theoretically dependent on effective density. However, in the fitting process, all these three
parameters are equally free and the dependencies do not have any effect on the fitting. The other parameters of charge
transfer are kept invariable: dp,0 ¼ 100 nm, vi,0 ¼ 100 m=s, bc ¼ 3 and b¼ 0. Because the example materials used in this
work are insulators, the value of bc is chosen to be 3, which is supported by the theory and experiments of John et al.
(1980). Assuming b to be zero is not as straightforward, but most of the values of b measured by John et al. (1980) and
presented earlier in this work are smaller than 0.1. In addition, Fig. 4 shows an example of modeling the effect of b on
bounce current, defined by Eq. (11), with a simulated lognormal size distribution. It reveals that growing b can be observed

Fig. 4. Modeling the effect of b on bounce current Ib with a simulated lognormal size distribution. Also the ideal current Iid without bouncing and charge

transfer is shown. Growing b fills the gap between the mode of impacted particles and the filter stage collecting the majority of bounced particles.

H. Kuuluvainen et al. / Journal of Aerosol Science 55 (2013) 104–115110



I

in the bounce current distribution. Due to the change in b, the relation of transferred charges in different stages changes,
and the change fills the gap between the mode of impacted particles and the filter stage collecting the majority of the
bounced particles. Thus, by observing measured bounce current, it is possible to see if b differs significantly from zero.
Finally, the success of the fitting method in practice shows the validity of all the parameters.

In the fitting process, the difference between the measured and modeled current distributions is minimized by the
method of least squares. Searching of the optimum parameter values is performed with an algorithm called Nelder–Mead
simplex algorithm, which is a popular tool for multidimensional unconstrained minimization (Lagarias et al., 1999). The
fitting process is divided into two separate parts. In the first part, the values of effective density and material coefficient are
defined by fitting the bounce current Ib. The second part consists of fitting the current Ich,off and defining the value of
contact charge.

5. Experiment

The experimental section of this work was carried out in a laboratory by measuring bounce and charge transfer
behavior of nanoparticles. An ELPI, equipped with a filter stage (Marjamäki et al., 2002) and with an extra stage
(Yli-Ojanperä et al., 2010) was used in these experiments. Normally, the substrates of the cascade impactor are coated with
grease, which is an efficient means to prevent particle bounce in most cases. However, in this work, particle bounce was
desirable. Thus, no grease was spread on the impactor plates and, along with standard steel substrates, also polished steel
substrates were used. All the substrates were cleaned in an ultrasonic washing device and dried before assembling them to
the impactor. The solution used in the washing device consisted of a 2% (v/v) solution of RBS 25 detergent dissolved in
water. In few cases, isopropyl alcohol (IPA) was used instead of the detergent.

A schematic diagram of the experimental setup is seen in Fig. 5. The setup includes nanoparticle generation, an ELPI and
a scanning mobility particle sizer (SMPS). The SMPS measures the mobility size distribution of generated particles and it
consists of a DMA (TSI model 3081) and a CPC (TSI model 3025). The DMA was run with a sheath flow of 6 lpm and with a
sample flow of 0.6 lpm. In the particle generation, an atomizer was used to produce approximately lognormal size
distributions for the measurements. After the atomizer, the sample flow was dried either in a silica gel dryer or by diluting
it with dry filtered air. Materials used in the watery solution of the atomizer were sodium chloride and levoglucosan. These
two materials represent two different forms of solid phase as sodium chloride particles are crystalline and levoglucosan
particles have been shown to be in an amorphous phase state (Mikhailov et al., 2009; Saukko et al., 2012). The
concentration and the mean particle size of the aerosol led to the instruments could be varied by changing the liquid
concentration in the atomizer, the flow rate through the atomizer and the optional dilution after the atomizer.

For each particle distribution, both the currents Ich,on and Ich,off were measured. Although the time resolution of the ELPI
is only one second, the currents were averaged over 120 s to correspond the size distribution measured by the SMPS. Each
particle size distribution was measured two times because the currents Ich,on and Ich,off could not be measured
simultaneously. The currents for a representative analysis were finally measured for six sodium chloride distributions
and four levoglucosan distributions. Using polished steel substrates in some cases, the effect of surface could be evaluated.
Furthermore, the time dependency of the currents and the effect of substrate loading were observed by monitoring the
ELPI currents.

Fig. 5. A schematic diagram of the experimental setup. The dilution by pressurized air after the atomizer was optional as well as the by-passing of the

silica gel dryer.
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6. Results and discussion

The experimental data was analyzed by the fitting process based on the bounce and charge transfer model. An example of
the fitting is seen in Fig. 6. The example shows three different current bar plots, including Ich,on, Ich,off and normalized Ib, and a
mobility size distribution measured with the SMPS. All these are linked to the same sodium chloride distribution. In the current
plots, gray bars represent the measured currents and violet bars with a line pattern are the result of the model and the fitting
process. Regarding the first two subfigures (Fig. 6(a) and (b)), it is clearly seen that the measured currents Ich,on and Ich,off have
some irregularities which probably arise from the sensitivity of the charge transfer process. However, those changes seem to be
similar in both the currents and they are no more seen in the bounce current (Fig. 6(a)). In fact, this remark is consistent with
the theoretical assumption of the model, which states that b� 0 and the charge transfer do not have any effect on bounce
current. In addition, there are practically no current in the gap between the mode of impacted particles and the filter stage
(compare to the simulated bounce currents in Fig. 4), which supports the assumption of b being close to zero.

The agreement between the measured and modeled currents in Fig. 6(a)–(c) is good. Especially in Fig. 6(c), which shows the
result of the first part of the fitting defining the values of reff and a, the agreement is even astonishingly good. Also the ideal
current without bouncing and charge transfer is shown in Fig. 6(c). It is calculated from the mobility size distribution using the
effective density value, the charging efficiency function, i.e. Eq. (14), and the collection efficiency curves of the ELPI impactor.
Here, it could also be possible to use the bounce factor analysis, which can be performed only for the ELPI data. The advantage
compared to the former bounce analyses by Virtanen et al. (2010, 2011) would be the concept of bounce current. In this case,
where charge transfer is considerable, the usage of the general ELPI current Ich,on would lead to a negative value of bounce
factor. In contrast, the bounce factor analysis together with the bounce current is a good estimation of bounce behavior.
However, in this study, the more accurate analysis connected to the theoretical parameters of bouncing and charge transfer is
preferred. Comparing the ideal current and the bounce current in Fig. 6(c), it can be seen that bouncing occurs almost in all the
particle sizes and most of the bouncing particles finally end up to the filter stage. Practically, this allows one to see the original
shape of the distribution in the bounce current and find a good estimate for the effective density in the fitting method.

In the main analysis of the experimental data, the fitting process was performed for six sodium chloride distributions and
for four levoglucosan distributions. Parameter values from the fittings are seen in Table 1, which shows the average values of
three parameters for each material and standard deviations as approximate error limits. Even though the amount of data is
not very large and the deviations are notable especially for levoglucosan, the difference between two different materials can
be seen in all parameter values. Nevertheless, the contact charge values may not be comparable with each other because of
the uncertainties in the surface conditions of these measurements. This subject will be discussed more below. The most

Fig. 6. An example of fitting the bounce and charge transfer model to a measured sodium chloride distribution. The currents measured by the ELPI

(a) with the charger Ich,on and (b) without the charger Ich,off as well as (c) the normalized bounce current Ib are drawn in gray. Bars with a line pattern

represent the modeled currents and the solid line the ideal current Iid, which are calculated from (d) the mobility size distribution measured by the SMPS.
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promising results are the effective density values which are comparable to the bulk density values also shown in Table 1. Of
course, there are more useful methods for defining the effective density such as the general use of an ELPI and the method
introduced by Ristimäki et al. (2002), but these good results strongly support the fitting method and the significance of the
other parameter values a and qc,0. Surface conditions and particle size may affect these parameters, as discussed more below,
but in a single measurement these parameters characterize well the bounce and charge properties of particles.

Looking in detail Table 1, the values of a indicate that sodium chloride particles are more inclined to bounce than
levoglucosan particles. The values are of the same magnitude as the previously presented material coefficient values
measured in the micrometer size range (Cheng & Yeh, 1979; John, 1995). As presented earlier in Eq. (4), a is dependent on
particle density. Taking account this dependency, it is seen that the density partly accounts for the difference between
sodium chloride and levoglucosan. According to the values of qc,0, sodium chloride would also be more inclined to transfer
charge with a steel surface than levoglucosan. However, in this respect, it is reasonable to discuss only about the
magnitudes of the results. The contact charge of sodium chloride can be compared to the results of John et al. (1980)
by extrapolating the size dependency and impact velocity equations presented earlier. In 100 nm and 100 m/s, the
extrapolated value is 0.88. This is of the same magnitude as the result of the fitting method 0.49.

To analyse the possible size dependency of the results given by the fitting method, the parameter values are drawn in
Fig. 7 as a function of particle mode GMD. Because of relatively high deviations and small amount of data, it is difficult to
analyze the possible size dependency of levoglucosan particles. However, if only the violet circles, representing sodium
chloride particles measured with conventional steel substrates, are considered, rather clear size dependency is seen for the
parameter a but not for reff and qc. It means that, for effective density and contact charge, the fitting method works and
most of the theoretical assumptions behind the model are relevant at least in this size range. On the other hand, the size
dependency of material coefficient probably refers to a disagreement with the theoretical size dependency of the capture
limit shown in Eq. (3). The real size dependency of nanoparticles should be studied experimentally in detail in the future to
be able to modify the theory and the model. However, the results of the fitting method are still relevant and comparable
also for material coefficient, if particle modes are in the same size range.

The parameter values were also viewed as a function of particle concentration but no clear correlation was observed.
However, the effect of the substrate roughness, loading and cleaning process are discussed in more detail. In Fig. 7, the
triangle markers represent parameter values that are calculated for the measurements with polished steel substrates.
Intuitively, a polished steel surface could be seen more efficient and more stable a tool for bouncing and charge transfer
measurements compared to a rougher steel surface. In practice, Fig. 7 shows that there is no significant difference in the
parameter values between conventional and polished steel substrates except the case of the contact charge of sodium
chloride. In that case, higher contact charge values are related to the substrate loading and the time dependency of charge
transfer. This will be discussed more below but, altogether, the results measured with both substrates are mostly
comparable and there are no advantages in using polished substrates.

Substrate loading and changes in the surface can affect considerably the charge transfer. John et al. (1980) noticed that
it took from 20 to 60 min for contact charge to achieve an asymptotic value after starting the measurement with a cleaned
substrate. In the experiments of this work, surface exposure times and measured particle concentrations varied. Actually,
clearly asymptotic behavior was not observed but changes as a function of time were always seen to some extent in the
measured currents. However, the only situation, where it notably affected the final parameter values given by the fitting
method, is the case of polished steel substrates and sodium chloride. In Fig. 7(c), the two triangle markers above the others
represent this case. These points were measured with fresh cleaned substrates. For some reason, the charge transfer was
very intensive at the beginning but it also decreased rather quickly reaching the normal level compared to the other
measurements in about 20 min. This example could be regarded as an unsuccessful measurement of contact charge, but
interesting is, that it is not unsuccessful in the sense of measuring effective density or material coefficient. As seen in Fig. 7,
those parameter values compare well to the other measurements.

Fig. 7 also shows two measurements for levoglucosan, in which the substrates were cleaned with isopropyl alcohol
(IPA) instead of RBS. Once again, the difference between these two cleaning procedures is most clearly seen in the contact
charge values. According to these measurements, cleaning the steel substrates with RBS seems to result in higher contact
charge values and more intense charge transfer than cleaning the substrates with isopropyl alcohol. Other parameter
values are not as sensitive to different cleaning procedures. Altogether, obtaining a meaningful contact charge parameter

Table 1
Parameter values from the fittings. The average values and standard deviations describing the error limits are calculated

for six sodium chloride distributions and for four levoglucosan distribution. Bulk densities are shown as a reference to the

effective density values.

Particle material rbulk (g/cm3) reff (g/cm3) a (m2/s) qc,0

Sodium chloride 2.17a 2.2370.14 ð5:270:7Þ � 10�6 0:4970:15

Levoglucosan 1.618b 1.570.4 ð7:671:3Þ � 10�6 0:2270:14

a CRC Handbook (2007).
b Rosenørn et al. (2006).
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experimentally seems to be problematic because of the effect of substrate roughness, substrate loading and cleaning
procedures. In a single measurement, the contact charge value provided by the fitting method describes well the charge
transfer behavior, but, in order to compare the results of several measurements, the effect of different substrates and
surface conditions should be studied in more detail. Even though the contact charge values of sodium chloride in Table 1
were close to the values measured by John et al. (1980) for micrometer-sized sodium chloride particles and a steel
substrate, it cannot be said that these values reliably represent the contact charge between a sodium chloride nanoparticle
and a steel substrate. To reach the fundamental contact charge values between nanoparticles and different surface
materials, extensive measurements for different cleaning procedures and substrate materials are required in the future, for
example, using the method introduced in this study.

7. Conclusions

Bouncing of nanoparticles has recently become an important tool in studying the phase state of atmospheric aerosols.
Bouncing and its common side effect charge transfer can be considered as fundamental phenomena in aerosol physics.
However, these phenomena are not fully understood and there are practically no previous experimental studies or
systematic methods presented for bouncing and charge transfer of nanometer-sized particles. This work shows that both
bouncing and charge transfer of nanoparticles can be characterized with a new method. The method is based on an ELPI
measurement with and without the charger, which enables the separation of the two phenomena. Further analysis relies
on a new bouncing and charge transfer model constructed for the ELPI and on a simultaneous measurement with an ELPI
and an SMPS. By fitting the modeled ELPI currents to the measured currents, bouncing and charge transfer of nanoparticles
can be described by the existing theory of micrometer-sized particles.

The method presented here is a unique tool for defining the theoretical parameters of bouncing and charge transfer
from an experimental analysis of nanoparticles. To authors’ knowledge, there are no other methods that are capable of this.
Although the method is a pioneering one, it is still exceptionally ready for use in different environments and applications.
From the point of view of experiments, the straightforward utilization of commercially available measuring devices is a
great advantage and no special modifications are required. The method is designed for a polydisperse aerosol distribution
which is advantageous in many cases as well. In the fitting process, especially the effective density as a fitting parameter,
along with the parameters of bouncing and charge transfer, provides a possibility to evaluate the results given by the
fitting method and, in some cases, compare the results with reference data.

Fig. 7. The parameter values (reff , a and qc,0) as a function of particle mode GMD. Representative values are marked with circles and the average values

for each material with a solid line. Dashed lines represent the bulk densities and colored bars the standard deviations. For the contact charge parameter,

the effect of different cleaning methods (RBS and IPA) and polished substrates can be seen. (For interpretation of the references to color in this figure

caption, the reader is referred to the web version of this article.)
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This work has been able to emerge the theories of bouncing and charge transfer to the experiments for nanometer-sized
particles. There are still some experimental challenges, such as the effect of substrate roughness, substrate loading and
cleaning procedures on charge transfer, and theoretical problems, such as the size dependency of bouncing. However, it is
important that the tool now exists. In the future, more experiments should be performed for different particle and
substrate materials, and the method could be developed further for different applications. To understand the fundamental
phenomena of bouncing and charge transfer, totally new approaches may be required, but after this study, the task seems
to be more conceivable.
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a b s t r a c t

The critical velocity of rebound was determined for spherical silver aerosol particles in the
size range of 20–1000 nm. A novel instrument, a variable nozzle area impactor, was
especially designed for measuring the particle–surface interaction as a function of the
particle impact velocity. The experimental results were combined with a numerical model
in order to obtain the impact velocities. The experiments were carried out using a plain
aluminum collection substrate in the impactor. Our results show that the critical velocity
of rebound decreases from 14 to 0.022 m/s as the particle size increases from 20 to
1000 nm. Furthermore, the critical velocity was found to be proportional to the power of
�1.6 of the particle size, instead of the theoretical inverse proportionality. This result is in
line with the previous studies for micron-sized particles. In the nanoparticle size range,
the obtained values are approximately 3–10 times greater than the recent literature
values. This discrepancy can most likely be explained by the different surface materials. All
in all, our results give valuable information about the particle–surface interactions in the
sub-micron size range.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Particle rebound from a surface is a fundamental phenomenon. Recently, it has been of interest in several fields of aerosol
physics, including atmospheric aerosols and aerosol synthesis. For example, Virtanen et al. (2010) found an amorphous solid
state of biogenic SOA (secondary organic aerosol) particles by investigating the bounce behavior of the particles. The further
development has led to some experimental methods capable of measuring the bounce probability of the SOA particles as a
function of the relative humidity in specific low-pressure impactor systems (Bateman et al., 2014; Saukko et al., 2012).
Within the field of engineered nanoparticles, the research of the particle–surface interaction has been focused on the
fragmentation and binding energy of agglomerates (Froeschke et al., 2003; Ihalainen et al., 2014; Seipenbusch et al., 2007,
2010). However, the lack of knowledge of the fundamental bounce properties of ultrafine particles limits the reliability of
these methods.

When a particle impacts on a firm surface, it may either stick to it or be reflected. The process is mainly affected by three
factors: the adhesion, the energy loss mechanisms in the particle and the initial velocity of the particle. With low initial
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velocities, the energy losses dominate and the particle is captured by the surface. When the initial velocity increases up to a
critical velocity, the kinetic energy, even when reduced by the energy losses, is sufficient to overcome the adhesion energy
and the particle rebounds. According to theoretical knowledge, the critical velocity is inversely proportional to the particle
size (Dahneke, 1971; Wang & Kasper, 1991; Weir & McGavin, 2008). Experimentally, the values of the critical velocity have
been determined for different materials of micron-sized particles and substrates (Wall et al., 1990), and for silver and
sodium chloride nanoparticles on a mica substrate in the size range of 10–80 nm (Rennecke & Weber, 2013a). Both the
datasets show similar particle size dependency compared to the theories, but the critical velocity values have a difference of
several orders of magnitude if extrapolated into the same size range.

The experimental challenges in measuring the particle rebound of nanoparticles are often related to low-pressure
conditions required for the impaction and to the detection of the particles in these conditions. The experimental method
used by Rennecke & Weber (2013a) was based on scanning the impact velocity by means of the impaction pressure. By
continuously measuring the electrical current downstream and the particle concentration upstream, the penetration of the
impactor could be defined as a function of the impaction pressure. The advantage of the electrical detection of particles in
low-pressure conditions is its accuracy and a good time resolution. Optical detection of particles has also been used in the
bounce and fragmentation studies of nanoparticles (Ihalainen et al., 2014; Saukko et al., 2012). Its advantage is that the
possible charge transfer is not affecting the detection. However, the optical detection cannot practically be used
continuously in low-pressure conditions.

Measurement of the impact velocity of a single particle can be performed for micron-sized particles with a laser Doppler
velocimetry (Wall et al., 1990). Because of limitations in the optical detection, the same method cannot generally be
exploited for nanoparticles. Reuter-Hack et al. (2007) have applied the laser Doppler velocimetry method for agglomerates
with mobility diameters below 500 nm, but for spherical particles that would not be possible. The lack of experimental
methods has led to the utilization of numerical methods and computational fluid dynamics (CFD) simulations in defining
the impact velocity for nanoparticles (Ihalainen et al., 2014; Kuuluvainen et al., 2013; Rennecke & Weber, 2013a; Virtanen
et al., 2011). These studies are mainly based on the previous work of modeling the impactor flow field and collection
efficiency curves (Arffman et al., 2011; Rennecke & Weber, 2013b). According to the study by Arffman et al. (2012), the
impactor geometry significantly affects the size resolution of an impactor. The best results were obtained with a slit type
low-pressure impactor having a minimized nozzle throat length. The advantage of this type of an impactor is a very small
deviation in the impact velocity of a certain particle size. This is also a great advantage in defining the critical velocity for
nanoparticles.

This study presents a new method for measuring the critical velocity of nanoparticles using a variable nozzle area
impactor, and reports the results for spherical silver particles in the size range of 20–1000 nm. The method is based on an
impactor design, where the deviation of the impact velocities in a single measurement for a certain particle size is
minimized, and the pressure conditions controlled. The impactor consists of a narrow slit with a short nozzle throat length,
and the nozzle area can be varied by changing the slit length. By decreasing the slit length, the impact velocity of a particle
increases. Furthermore, the impact velocities are calculated for different particle sizes and different slit lengths with
numerical methods.

2. Theoretical background

The theory of aerosol particle rebound from a firm surface was first introduced by Dahneke (1971). The theory includes
the effect of the adhesion, the energy loss mechanisms in a particle and the particle initial velocity. Assuming a spherical
particle and an infinite firm surface, the adhesion energy between the particle and the surface can be written as

Eadh ¼
AHdp
12z0

; ð1Þ

where dp is the particle diameter, AH is the Hamaker constant and z0 is the separation distance, usually assumed to be
0.4 nm. The Hamaker constant arises from the van der Waals interaction of molecules and is dependent on both particle and
surface materials.

The amount of energy loss in the collision is mainly dependent on the mode of deformation in the particle. Fully elastic
deformation completely restores the kinetic energy of the particle, and the velocity after the rebound equals the initial
velocity. Practically, this sort of collisions only takes place among molecules and atoms. Considering the collisions of aerosol
particles and firm surfaces, plastic deformation is always present to some extent. Plastic and elastic behavior of aerosol
particles during rebound was extensively studied first by Rogers & Reed (1984). Thereafter, Wang & Kasper (1991) and Weir
& McGavin (2008) developed the theoretical approach for the elastic and plastic behavior, respectively.

Depending on the energy losses and adhesion energy, the particle may either rebound or stick to the surface. For the
initial velocity, there is a certain capture limit vcrit, i.e. the critical velocity of rebound. The relation between the initial
velocity of the particle, perpendicular to the surface, and the rebound velocity of the particle is called the coefficient of
restitution CR. Combining Eq. (1) and the definition of the coefficient of restitution, the critical velocity of rebound can be
written as

vcrit ¼ αdβp ; ð2Þ
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where the material coefficient

α¼
AH 1�C2
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; ð3Þ

is dependent on the coefficient of restitution, the Hamaker constant and the particle density ρp. According to the theory of
Dahneke (1971), the critical velocity is inversely proportional to the particle diameter, so the exponent β is set to be �1. The
same proportionality is also found in the more recent models based on both the elastic (Wang & Kasper, 1991) and plastic
(Weir & McGavin, 2008) deformation of particles. The difference between the elastic and plastic models is that the material
coefficient α obtains significantly higher values in the latter case.

Majority of the previous experimental studies regarding the critical velocity have found a dependence on the particle size
similar to Eq. (2). However, in contrast to the theoretical models, the exponent values (β) may significantly differ from �1.
As reviewed by Wall et al. (1990), the exponents were usually between �1.2 and �1.8 including the results of four different
studies for micron-sized particles (Cheng & Yeh, 1979; D’Ottavio et al., 1982; Wall et al., 1990; Wang & John, 1988). Only the
results of Esmen et al. (1978) showed a smaller exponent value (�0.39) and the highest values were measured for harder
materials such as copper and glass (Rogers & Reed, 1984). Also the results of Rennecke & Weber (2013a) for silver
nanoparticles obey Eq. (3) and are proportional to the power of �3.0 of the particle size, resulting a relatively steep slope.
With respect to the theoretical knowledge, the steeper slopes obtained from the measurements are explained with a
transition from elastic to plastic deformation. The transition would require some of the factors in Eq. (3) to be particle size
dependent. That might be the Hamaker constant or the coefficient of restitution (Tsai et al., 1990).

3. Experimental method

3.1. Variable nozzle area impactor

An illustration representing the key features of the variable nozzle area impactor is shown in Fig. 1. The impactor consists
of a nozzle plate, an adjustable cover and an impaction substrate. The nozzle plate contains a rectangular slit with a width of
0.3 mm and a maximum length of 30 mm. The adjustable cover can be slid manually on top of the nozzle in order to
decrease the slit length down to 3 mm, and, thus, vary the nozzle area. The impactor stage was made vacuum tight by using
O-ring sealings up- and downstream. The opening where the adjustable cover is connected to the impactor was machined
as tight as possible, and further sealed with mould silicon. The nozzle throat length in the impactor (also the thickness of the
nozzle plate) is 0.1 mm and the jet-to-plate distance is 0.5 mm. The impaction substrate material used in this study was
machined aluminum. Measurements were carried out using both plain and greased (Apiezon vacuum grease) substrates.
The function of the grease was to prevent particle bounce, and, thus, serve as a reference measurement.

3.2. Setup for 20–200 nm particles

A schematic presentation of the experimental setup is shown in Fig. 2. Spherical and monodisperse silver nanoparticles,
in the size range of 20–200 nm, were generated via evaporation–condensation method followed by sintering and size

Fig. 1. An illustration of the variable nozzle area impactor. W is the slit width, S is the jet-to-plate distance, Lmax is the maximum slit length and L is the slit
length. By changing the slit length with the adjustable cover (green arrow), the area of the nozzle (L�W) can be varied. The red arrows represent the flow
lines through the nozzle. Note that the figure is out of scale. (For interpretation of the references to color in this figure caption, the reader is referred to the
web version of this paper.)
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selection (Harra et al., 2012; Scheibel & Porstendörfer, 1983). Silver was evaporated from a small amount of bulk material
situated at the center of a tube furnace at temperatures of 1200–1500 1C, depending on the desired particle size. The metal
vapor was first carried out of the furnace (3 lpm) and then diluted with nitrogen gas (3 lpm). The silver particles, formed by
condensation after cooling, were passed through a coagulation chamber before the sintering step. In order to sinter
relatively large particles (�100 nm), two successive furnaces were employed. Depending on the particle size, the flow rate
through the furnaces was 0.3–1 lpm. The function of the latter furnace (400 1C) was to smooth the particle surfaces from
bumps caused by the partial evaporation and subsequent formation of smaller particles near the bulk melting point
(Schmidt-Ott, 1988; Zihlmann et al., 2014) in the first sintering furnace (600–800 1C). After sintering, a monodisperse
particle mobility size distribution was realized with a Vienna-type differential mobility analyzer (DMA). Because of the
nitrogen gas used in the sheath flow and as a carrier gas in the previous steps, the final sample was extremely dry
(RHo1%).

After the DMA, a bridge dilution system followed by a simple corona charger were used to control the particle number
concentration entering the impactor. For the corona charger, the particle charging efficiency has been previously determined
by Arffman et al. (2014). The charger was used for particle sizes larger than 40 nm, and the dilution was adjusted so that the
total measured current was approximately 20 fA. This ensured that the impactor plate would not overly load from the
collected particles and, thus, interfere with the particle rebound from the surface. The maximum particle area fraction on
the impactor plate during the measurements was estimated to be approximately 5%. A vacuum pump was used to attain the
required low-pressure conditions (106–256 mbar) in the variable nozzle area impactor. Pressures were measured before and
after the impactor. Furthermore, a critical orifice inlet assured a constant volumetric flow rate (1.18 lpm). The particles were
measured using electrical detection. The impactor substrate and a filter downstream were connected to electrometers.
Particle samples were collected on a carbon film using a sampler based on electrical field deposition and analyzed with a
transmission electron microscope (TEM, Jeol JEM-2010).

Fig. 2. A schematic of the generation and measurement setup of 20–200 nm silver particles.

Fig. 3. A schematic of the generation and measurement setup of 400–1000 nm silver particles. For collecting particle samples, the OPS was replaced by the
SEM sampler.
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3.3. Setup for 400–1000 nm particles

Figure 3 shows the generation and measurement setup for silver particles in the size range of 400–1000 nm. Commercial
silver powder (Inframat Advanced Materials, purity 99.95%, average size 0.7–1.5 μm, near-spherical) was dispersed in water
and sprayed with an atomizer aerosol generator (Topas ATM 220). Due to a relatively small size of the generated droplets
(Harra et al., 2013), we were unable to utilize the largest (41 μm) particles in the powder. In order to prevent
sedimentation, the dispersion was ultrasonificated and stirred with a magnetic mixer before and during the spraying
process, respectively. When leaving the atomizer, the aerosol was dried with a silica gel dryer (RHo10%) and sintered in a
furnace (600 1C). Particle size selection was carried out with a Vienna-type DMA which was followed by the variable nozzle
area impactor. Here, the impactor pressure and the flow rate were 960 mbar and 1.0 lpm, respectively. Because the
measurements of the nearly micron-sized particles were conducted in atmospheric pressures, and the particle concentra-
tion was low, in the order of 10 cm�3, an optical particle sizer (OPS, TSI 3330) was used as a particle number counter instead
of electrical detection. This also meant that the critical orifice inlet and the filter before and after the impactor, respectively,
were not used. Reference particle concentration was measured by bypassing the impactor. Particle samples were collected
on a holey carbon film using a flow-through sampler and analyzed by a scanning electron microscope (SEM, Zeiss
ULTRA PLUS).

4. Numerical simulations

CFD simulations were used to determine the impaction velocities. The description of the employed methods can be
found in a previous study (Arffman et al., 2011), and only a brief description of the methods is given here. First, we simulated
the flow fields in the impactor with Ansys Fluent, Release 14.1 software. Simulations were carried out in 2D, and the
boundary conditions were the mass flow rate and the static pressure at the outlet. Flows were assumed to be laminar as the
Reynolds’ numbers were in the order of 500 at the maximum. The grid was made very dense near the collection plate and
the wall distances were in the range of 0.5–1 μm above the collection plate. Changing the nozzle area (i.e. the slit length)
was taken into account in the simulations by changing the mass flow rate per depth of the slit length. Particle tracking
simulations were carried out using Ansys Fluent complemented with a user defined function to calculate the particle drag in
the slip regime. The particles were released a few centimeters upstream of the nozzle and tracked until they impacted to the
collection plate or reached the flow outlet. Figure 4(a) shows the simulated normal component of the impaction velocities
for the particle size of 500 nm with different slit lengths. The normalized distance from the center of the nozzle is on the
horizontal axis, and the impaction velocity is on the vertical axis. Figure 4(a) shows that the impaction conditions and the
impaction velocities can be well controlled in the slit type impactor.

From the particle track data, also the collection efficiencies can be determined. Figure 4(b) shows this for the operation
pressures of the study. The markers represent the simulated cutpoints and the solid lines are linear fits. By measuring the
cutpoint as a function of the slit length for monodisperse particles, it is possible to determine the effective density of the
particles. This is accomplished by comparing the measured cutpoint to the simulated aerodynamic cutpoint. This can be
defined from Fig. 4(b), as the cutpoint is now defined as a function of the slit length. Finally, the following equation can be
used to calculate the effective density (Kelly & McMurry, 1992):

ρeff ¼
Cad

2
a

Cmd
2
m

ρ0; ð4Þ

Fig. 4. (a) The normal component of the impaction velocity of 500 nm (aerodynamic diameter) particles as a function of the initial position (normalized
distance from the center of the nozzle) of the particles for different slit lengths. The pressure is 106 mbar and the flow rate is 1.18 lpm. (b) The simulated
cutpoint diameters as a function of the slit length for different operation pressures. The flow rate is 1.18 lpm for pressures 106–256 mbar and 1.0 lpm for
960 mbar.
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where da and dm are the aerodynamic and the mobility diameters, respectively, Ca and Cm are the corresponding slip
correction factors and ρ0 is the unit density.

In this study, the simulated and measured cutpoints are matched by using the effective density as a fitting parameter. The
parameter is only an estimate of the effective density, because it includes non-idealities such as the width of the DMA
output and uncertainties in the measured flow rates and pressures. However, if the effective density is known a priori (e.g.
bulk density) or measured with a reference method, it also provides a way to validate the model. Figure 5(a) schematically
shows the fitting procedure of the simulated and measured collection efficiencies for a certain particle size. Also two
different methods for defining the essential parameters are illustrated. The slit length where the bounce is initiated is
referred as the critical slit value and abbreviated with Lcrit. The slit length corresponding to a collection efficiency of 50% is
referred as L50. In the fitting procedure, the L50 values of the simulated and measured collection efficiencies are
superimposed by changing the effective density of the particles. As the schematic example in Fig. 5(a) shows, the simulated
collection efficiency curves are steeper than the measured ones as a consequence of the non-idealities in the measurement.

There are two different methods for defining the critical slit length principally shown in Fig. 5(a). In the first method (1),
the critical slit length Lcrit;1 is obtained straightforwardly from the measured curve corresponding to the onset of rebound.
The problem with this method is that it may result in too low impaction velocities or even non-impacting particles with the
collection efficiencies below 50% arising from the steepness of the simulated curve. The solution is the second method (2) in
which we take the critical collection efficiency ηcrit;2 corresponding to the onset of the rebound and obtain the critical slit
length L0crit;2 from the simulated curve. However, this method is sensitive only in a region where the collection efficiency is
linearly dependent on the impact velocity. Similar observation on the dependence of normalized impaction velocity on
collection efficiency in the low pressure impactor was presented also by Rennecke & Weber (2013a). Figure 5(b) illustrates
this dependency for a simulated dataset. In other words, the critical collection efficiency is no more unambiguous for high
impact velocities. Based on the pros and cons of these two methods, we use the first method (1) when the onset of rebound
is seen with the collection efficiencies above 50% and the second method for the collection efficiencies below 50%. The
fitting procedure assures that two methods agree at L50.

Fig. 5. (a) An example of a measured and simulated collection efficiency curve as a function of the slit length. Two different methods for defining the
critical slit length are presented. (b) Normalized impact velocity as a function of the collection efficiency and the operation ranges of the methods.

Fig. 6. (a–b) TEM micrographs of the silver nanoparticles generated with the evaporation–condensation method. The temperature of the evaporation
furnace (1C), the temperature of the first sintering furnace (1C) and the flow rate in the sintering furnaces (lpm) were (a) 1200, 600 and 1.0 and (b) 1500,
800 and 0.3, respectively. Both micrographs have the same size bar of 100 nm. (c) An SEM micrograph of a micron-sized silver powder particle sintered at
600 1C. The inset shows an unsintered particle. The size bars are 200 nm.
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5. Results and discussion

5.1. Morphology and density

In order to be certain that the generated silver particles were spherical, both the morphology and density of the particles
were characterized. Figure 6(a) and (b) shows TEM micrographs of the extreme cases, i.e., smallest (�20 nm) and largest
(4100 nm) silver particles generated using the evaporation–condensation method. It should be noted that the TEM
samples were collected before the size selection. However, even the largest particles (�200 nm) are quite spherical with
smooth surfaces. An SEM micrograph in Fig. 6(c) shows that an unsintered micron-sized powder particle is near spherical,
although somewhat angular shaped. After sintering, the particle surface becomes smoother.

The effective density of the particles was measured and calculated by a method described by Ristimäki et al. (2002), and
more recently by Kuuluvainen et al. (2015). In this study, the particles classified by the DMA were measured with an
electrical low pressure impactor (Dekati ELPIþ) (Järvinen et al., 2014; Keskinen et al., 1992). The first instrument classifies
the particles according to their mobility diameter while the latter measures the aerodynamic diameter of the particles.
These two particle sizes can be used to calculate the effective density of the particles with Eq. (4).

Fig. 7. The effective density of the silver particles as a function of the particle mobility size. Both measured values (DMA–ELPIþ) and values obtained from
the model are shown. The black line corresponds to the bulk density of silver and the dashed lines give an idea of the estimated experimental error of the
method (715%).

Fig. 8. The collection efficiency of (a) 82 nm (pressure 156 mbar, flow rate 1.18 lpm) and (b) 503 nm (960 mbar, 1.0 lpm) silver particles as a function of the
slit length for a greased and a plane impaction surface. An electrical and an optical detection was used for the 82 nm and the 503 nm particles, respectively.
(c–d) The onset of rebound is determined from the difference between the fitted collection efficiency curve and the results obtained for the plain surface.
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The obtained results (Fig. 7), ranging approximately from 8 to 11 g/cm3, are close to the bulk value of silver (10.49 g/cm3),
indicating that the particle material is silver and the shape is spherical. The experimental error using a similar method was
reported to be approximately 15% (Ristimäki et al., 2002). Additional discrepancies from the bulk value at smaller particle
sizes are likely caused by impurities (de la Mora et al., 2003), whereas, lower effective density of larger particles can most
likely be attributed to minor deviations from spherical shape (Brockmann & Rader, 1990). The modeled densities are
calculated as described in Section 4. The modeled effective densities are close to the bulk value and measured densities
which verifies the validity of the used simulation methods.

5.2. Collection characteristics

Figure 8 shows two examples of the particle collection efficiency curves measured by using a plain and a greased surface in the
variable nozzle area impactor. The measurement procedure started in every case with the slit fully open at 30mm, and the slit
length was gradually shortened at intervals of 1 mm down to 3 mm. At longer slit lengths, corresponding to lower particle
velocities, no particle impaction on the surface occurs. When the slit length decreases, the particle velocity increases, and, thus, the
particles start to impact. When using a greased surface, the collection efficiency reaches �100% at a sufficiently low slit length.

In the case of the plain surface, the collection efficiency follows the curve obtained with the greased surface, until, at shorter slit
lengths it begins to decrease due to the particle rebound from the surface. The slit length corresponding to the point where the
efficiency curves diverge is the critical slit length Lcrit, that is used to calculate the critical velocity of rebound. To define the critical
slit lengths from the experimental data, the difference between the fitted collection efficiency curve and the results obtained for the
plain surface is used as shown in Fig. 8(c) and (d). The onset of rebound is determined from the intersection of two linear fits.

Interestingly, when using electrical detection, the “collection efficiency” in the case of the plain surface begins to increase
again at the shortest slit lengths (high velocities), at some cases reaching even values much higher than 1. This can be
inferred as charge transfer between the particles and the surface. There seems to be a certain velocity limit after which the
charge transfer phenomenon rapidly increases and starts to dominate the electrical detection at higher velocities. This may
refer to the onset of plastic deformation strongly affecting the material properties of the particle or the contact area between
the surface and the particle. From Fig. 8(a), we can estimate that this onset for 82 nm particles is at a slit length of
approximately 15 mm, which corresponds to an impact velocity of approximately 7.8 m/s. In order to better understand this
phenomenon, further research is required.

Figure 9 shows the critical slit values and corresponding critical collection efficiencies as a function of the mobility
particle size. As already discussed in Section 4, depending on the critical collection efficiency value either critical collection
efficiency or the critical slit value is used to simulate the critical velocities. Error bars in the critical collection efficiency
values are calculated by assuming uncertainty of 1 mm in the measured critical slit length.

5.3. Critical velocity of rebound

Figure 10 shows the determined critical velocities of rebound for silver particles as a function of the particle diameter.
Colors indicate different operation pressures used in the measurements. Also, the critical velocities for large unsintered
particles are shown (see inset in Fig. 6(c)). The different operation pressures were mainly used in order to adjust the
cutpoint and operate in different particle size ranges. To be sure that the operation pressure does not affect the results,
several particle sizes were measured with different operation pressures. The flow rates were 1.18 and 1.0 lpm for the
operation pressures of 106–256 and 960 mbar, respectively. The error bars in Fig. 10 describe the sensitivity of the method

Fig. 9. (a) The critical slit length and (b) the critical collection efficiency as a function of the particle mobility size. The error bars represent an uncertainty of
1 mm in the determined slit length. Solid lines are guides for an eye.
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with respect to the critical slit length. The sensitivity analysis limits are calculated by adding and subtracting 1 mm from the
defined critical slit values. Table 1 shows the critical velocity values for each experiment and all the important parameters.
As explained in Section 2, according to the current theoretical knowledge, the critical velocity of rebound is inversely
proportional to the particle size with an exponent of �1. However, a fit to the entire experimental data of this work provides
an exponent value of �1.6 (R2 ¼ 0:924). The results for unsintered particles show that the fine structure of the particle
surface has practically no effect on the critical velocity.

Figure 11 shows the results of this work in relation to the results of other studies. As seen in the variation of the results
for micron-sized particles, particle and surface materials significantly affect the critical velocity of rebound. The results of
this work are unfortunately not strictly comparable to these, because there are no previous results available for micron-sized
spherical silver particles. However, the dependency on the particle size seems to be very similar with several other studies,
and the exponent values in Eq. (3) are close to each other. The results of this work differ most from the results by Rogers &
Reed (1984) for copper particles on a glass substrate. The amount of data points and the observed particle size range in their
study are rather small, which most likely results in a significant uncertainty in the obtained exponent value of �4.8.
However, even if copper can be regarded as similar material compared to silver, there is a difference of several orders of

Table 1
The results and important parameters corresponding to the experiments and the determination of the critical velocity. The effective density ρeff is a fitting
parameter obtained from the model.

dm (nm) p (mbar) L50 (mm) Lcrit (mm) ρeff (g/cm
3) vcrit (m/s)

21 106 9.8 7.5 9.4 14.03
26 106 12.9 11.1 10.2 6.97
31 106 15.5 13.5 10.8 5.96
41 106 20.1 18.2 11.5 3.71

41 156 10.6 9.3 11.0 4.60
52 156 13.7 12.6 11.8 2.59
67 156 17.3 16.5 12.3 1.26
82 156 20.4 20.0 12.6 0.641
103 156 24.3 24.1 13.1 0.202

103 256 11.8 11.3 11.9 0.281
130 256 13.7 14.3 10.9 0.189
165 256 16.8 17.1 10.4 0.129
206 256 18.8 19.8 9.3 0.097

410 960 6.0 7.1 10.4 0.107
503 960 9.6 9.7 11.8 0.081
710 960 15.6 16.5 11.0 0.037
895 960 21.2 22.1 10.6 0.028
1030 960 22.9 24.2 9.0 0.022

522n 960 9.7 10.0 11.2 0.079
735n 960 15.9 16.8 10.3 0.035
924n 960 22.2 23.0 10.5 0.031

n Unsintered.

Fig. 10. The critical velocity as a function of the particle mobility diameter. The error bars correlate to an uncertainty of 71 mm in determining the critical
slit length. Note that the asymmetric error bars are not an effect of the log scale. A power fit (solid line) to the results gives an exponent of �1.6. (For
interpretation of the references to color in the text, the reader is referred to the web version of this paper.)
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magnitude in the critical velocity. This implies that the critical velocity of rebound can be highly dependent on both the
particle and surface materials.

The results of Rennecke &Weber (2013a), shown in Fig. 11, are determined for spherical silver nanoparticles. Their results
differ by a factor of 3–10 from the results of this work. The dependency on the particle size is steeper compared to the
results of this work as the exponent value is �3.0. A power fit to their data set is fairly good (R2 ¼ 0:978), but the size range
is restricted and the uncertainty of single data points has not been estimated, except a lower resolution limit. The data
points above 40 nm were even below the resolution limit, serving only as an upper limit for the critical velocity. However,
compared to the results of micron-sized particles, the results of this work and the results of Rennecke & Weber (2013a) are
actually rather close to each other. The discrepancies could be explained by the difference in the surface material used in the
experiments. The surface material in this study was aluminum while Rennecke & Weber (2013a) used mica. Unfortunately,
there are no literature values of Hamaker constants available for these material pairs. Also the coefficient of restitution is
unknown.

One aspect that was theoretically speculated by Rennecke & Weber (2013a) was that they see a transition from the elastic
to plastic deformation in their results, and therefore the dependency of critical velocity of rebound on particle size is very
steep in their results. They explained that their results cover this transition region, and that the slope of the critical velocity
is changing after approximately 40 nm with increasing particle size. Within the accuracy of the method, the results of this
study refer to a completely different conclusion: the critical velocity will decay exponentially at least up to one micron. On
the other hand, even if the methods exploited in these two studies are close to each other, there are differences in the
impactor design, experimental procedures, data interpretation and simulation of the impaction velocities. It might be
difficult to recognize all the possible factors affecting the accuracy of the determined critical velocities. We believe that the
variable nozzle area impactor with its advantages, connected to the simulation of the impaction velocities and the precise
analysis of the particle effective density, provides an accurate method for determining the critical velocity of rebound.

6. Conclusions

The critical velocity of rebound was determined for spherical silver particles covering for the first time the size range
from nanoparticles to micron-sized particles. The results show that the critical velocity of rebound decreases from 14 m/s to
0.022 m/s as the particle size increases. Furthermore, a clear exponential decay was observed and the proportionality to the
power of �1.6 of the particle size maintained throughout the wide size range. No transitions were seen, even if the present
theories, including different approaches to the plastic and elastic deformation of particles, would predict this exponent to be
�1. The obtained exponent value is also very close to the average value of the previous experimental studies. The reliability
of the exponent value obtained in this work is also supported by the wide particle size range and a large number of data
points. It seems that there might be a yet theoretically unknown physical factor affecting the size dependency of the critical
velocity, or the transition from elastic to plastic deformation is evenly covering almost the whole size range of aerosol
particles. One possible reason for this would be a size dependency in the Hamaker constant or in the coefficient of
restitution.

Comparing the results of this work to the previous studies, it is evident that both the particle and surface material
properties can highly affect the critical velocity of rebound. The critical velocities for the micron-sized particles, if
extrapolated into the submicron size range, would be one to two orders of magnitude higher than the values measured here

Fig. 11. The results of this work in relation to the previous studies by (1) Rennecke & Weber (2013a), (2) Wall et al. (1990), (3) Wang & John (1988), (4)
Rogers & Reed (1984), (5) D’Ottavio et al. (1982), (6) Cheng & Yeh (1979) and (7) Esmen et al. (1978). The legend shows the material of the particle/surface.
For spherical particles, the mobility diameter equals the physical particle size.
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for silver particles. Most of the particle materials measured earlier in the supermicron size range would even require
supersonic velocities to bounce in the nanoparticle range. The best agreement with the previous studies was obtained for
nanoparticles (Rennecke & Weber, 2013a). However, there were still discrepancies of a magnitude at the maximum. The
reason for these discrepancies may lie in the different surface material used in the experiments. Because the methods
determining the critical velocities are not so straightforward, it may be difficult to assess the accuracy of the results.

The results of this work fill the gap between the previous experimental studies of the critical velocity for micron-sized
particles (Wall et al. 1990) and the more recent results for silver nanoparticles (Rennecke & Weber, 2013a). This is an
important step towards understanding the fundamental phenomenon of particle bounce from the molecular to macroscopic
size range. As shown in the previous studies for micron-sized particles, the critical velocity can strongly be dependent on the
particle and surface materials. This is most likely true also in the case of smaller particles and extended size ranges. Thus,
further research is required with different particle materials and different surfaces. The methods introduced in this work,
including the variable nozzle area impactor and the determination of the impact velocities with numerical simulations, will
be useful in future studies.
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ABSTRACT
The critical velocity of rebound was determined for spherical ammonium fluorescein particles in the
size range of 0.44–7.3 mm. The method was based on measurements with a variable nozzle area
impactor (VNAI) and numerical simulations. A comparison to previous results with spherical silver
particles obtained with the same method showed that the critical velocity was approximately two
orders of magnitude higher for ammonium fluorescein than for silver at the same size range. Among
the hard test materials, including steel, aluminium, molybdenum, and Tedlar, the surface material
had no significant effect on the critical velocity of rebound within the accuracy of the method. On
the contrary, the critical velocity was observed to be highly dependent on the obliquity of the
impact at the onset of rebound. While the ratio of the maximum tangential and normal velocities
was defined as a measure for the obliquity, the critical velocity was found to be more than a magni-
tude smaller for very oblique impacts with the velocity ratio above 9 than for close-to-normal
impacts with the velocity ratio below 1.5. The results of this study can be considered as a link
between the recently published critical velocity results for nanoparticles and the older results for
micron-sized particles.

EDITOR
Yannis Drossinos

1. Introduction

Particle rebound from a surface is of interest in many
fields of aerosol science. It has been known for a long
time as an unwanted phenomenon causing artifacts in
inertial impactors (Dzubay et al. 1976; Chang et al. 1999)
and triboelectric charging of particles in medical inhala-
tors (Matsusaka et al. 2010). Also in aerosol mass spec-
trometers, the particle rebound has more recently been
recognized as a significant source of error and uncer-
tainty (Kang et al. 2015). On the other hand, the research
of the particle rebound has provided valuable informa-
tion on some particle properties. The amorphous solid
state of secondary organic aerosol particles (SOA) was
discovered by investigating the bounce behavior of the
particles in a cascade impactor (Virtanen et al. 2010).
The research has been further developed toward moni-
toring the particle rebound as a function of the relative
humidity in specific low pressure impactor systems
(Saukko et al. 2012; Bateman et al. 2014; Pajunoja et al.
2015). In the field of engineered nanoparticles, the parti-
cle rebound and fragmentation has been exploited to
study the binding energies of agglomerates (Froeschke
et al. 2003; Seipenbusch et al. 2007; Ihalainen et al.

2014). Recently, the triboelectric charging during resus-
pension and rebound was proposed to have a significant
effect on the dynamics, sampling, and filtration of indoor
aerosols such as fungal spores (Kuuluvainen et al. 2016).

The critical velocity of rebound is a fundamental
parameter in the interaction of a particle and a surface. It
is the smallest incident velocity with which the particle
rebounds from the surface. A theory predicting the critical
velocities for aerosol particles was formed by
Dahneke (1971) and later specified by Wall et al. (1990).
The basic idea in the theory is that the sum of the initial
kinetic energy and the potential energy of the adhesion
force field, reduced by the energy losses during the colli-
sion, has to be larger than the adhesion energy for a parti-
cle to rebound. According to the theory, the critical
velocity is inversely proportional to the particle size and it
depends on the material properties of both the particle
and the surface. The effect of adhesion in the particle–sur-
face interaction can be described quantitatively with the
Hamaker constant and the energy losses with a coefficient
of restitution, i.e., the relation of the rebound and incident
velocities. The critical velocity of rebound is in principle
linked to a normal impact or to the normal component of
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the incident velocity. However, it has been found that in
oblique impacts the capture limit for the normal velocity
may be lower than in normal impacts. The experiments
with large microspheres have shown that the coefficient
of restitution may increase with a decreasing contact
angle on rough surfaces, even up to unrealistically high
values above unity with contact angles smaller than 10�

(Brach et al. 2000). Wang and John (1988) concluded
that the critical velocity of micron-sized particles deter-
mined with an impactor was lower than the critical
velocity based on the direct measurement of the veloci-
ties and the coefficient of restitution, because of the tan-
gential velocity in the impactor. However, they did not
present any quantitative analysis on the effect of the
obliquity on the critical velocity. Also a recent modeling
work by Chen et al. (2015) predicted a rapidly decreasing
critical velocity with an increasing contact angle.

Experimental results for the critical velocity of rebound
in the size range above 1 mm were reviewed by Wall et al.
(1990). They found differences of more than a magnitude
between the critical velocities for different particle and
surface materials. However, the variety of different exper-
imental methods and the lack of uncertainty estimation
may prevent to reveal the actual role of material proper-
ties and their effect on the critical velocity. The critical
velocity of rebound has also recently been determined in
the sub-micron size range. Rennecke and Weber (2013)
obtained critical velocity values for silver and sodium
chloride nanoparticles using a combination of experi-
mental and numerical methods for inertial impactors. A
similar method with a new type of an impactor, the vari-
able nozzle area impactor (VNAI), was exploited to
determine the critical velocity of rebound for spherical
silver particles in a wide size range from 20 nm to 1 mm
(Arffman et al. 2015). Both of these studies in the sub-
micron size range predicted an exponential decay of the
critical velocity as a function of the increasing particle
size, similar to the results reviewed by Wall et al. (1990).
However, if these critical velocity values are extrapolated
to the same particle size range, a difference of several
orders of magnitude would be seen. Despite the relatively
large amount of data, it is still unclear what is the role of
different particle and surface materials on the critical
velocity. Furthermore, it is not known if the different
methods used in the experiments and data analysis agree
with the same materials and in the same size range. The
experimental data of the critical velocity of rebound have
also recently motivated researchers to develop and
improve theoretical models (Stace 2015; Xie et al. 2016).

In this study, we present new results for the critical
velocity of rebound for ammonium fluorescein particles,
obtained using the recently introduced VNAI and
numerical simulations. The main idea of this study is to

compare the critical velocity for different particle and
surface materials determined with the same method,
and, on the other hand, discuss about the differences
between the various experimental methods. The goal of
this study is to form a link between the recently pub-
lished critical velocity results for nanoparticles and the
older results for micron-sized particles. In addition, we
investigate the effect of tangential velocity component on
the critical velocity in the impactor.

2. Methods

2.1. Particle generation and size classification

Solid spherical ammonium fluorescein (C20H16NO5)
particles in the size range of 2–8 mm were generated
using a vibrating orifice aerosol generator (VOAG)
introduced by Berglund and Liu (1973). In the VOAG, a
liquid solution is fed into a vibrating orifice generating
highly monodisperse droplets. Then the liquid droplets
are dispersed and dried in order to generate a monodis-
perse aerosol of desired nonvolatile material and particle
size. The diameter of the liquid droplet can be calculated
through an equation depending on the volumetric liquid
feed flow and the frequency of the disturbance in the
vibrating orifice (Berglund and Liu 1973). The final par-
ticle diameter is a function of the droplet diameter and
the volumetric concentration of a nonvolatile solute in a
volatile solvent. In this study, solutions of ammonium
fluorescein were prepared by dissolving fluorescein pow-
der (C20H12O5, Alfa Aesar, purity 90C%) in aqueous
ammonia (NH4OH) as described by Vanderpool and
Rubow (1988). The final concentration of ammonium
fluorescein varied from 0.08 to 2.2 g=m3 and the fre-
quency of the disturbance was 33 or 60 Hz. The feed
flow induced by a syringe pump was kept constant (10
ml/h) and the diameter of the orifice was 20 mm. The rel-
ative humidity (RH) of the dispersion and dilution air
was adjusted to 30% in order to prevent too fast drying
of the droplets as described by Wall et al. (1990). A sche-
matic of the experimental setup using the VOAG is seen
in Figure 1a. The generated particles were neutralized
with a radioactive source (Am-241) after the VOAG.
The stability of the generator was monitored along with
the particle detection as described later.

Particles in the size range below 1 mm were generated
using an atomizer aerosol generator (Topas ATM 220)
and an ammonium fluorescein solution with a concentra-
tion of 8.8 g=m3. After the atomizer, the aerosol was dried
with a humidity-controlled dilution air flow (RH 30–
32%). The particles were size-classified with a Vienna type
differential mobility analyzer (DMA). A schematic of the
measurement setup is seen in Figure 1b. Because of
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multiply charged particles, the output of the DMA was not
ideally monodisperse and the multiply charged particles
were distinguished with the detection method. A radioac-
tive source (Kr-85) was used before the DMA to create a
net neutral equilibrium charge distribution for the aerosol.

2.2. Critical velocity experiment

The measurements were carried out using a variable noz-
zle area impactor (VNAI). This recently introduced
instrument (Arffman et al. 2015) is designed to study the
critical velocity of rebound and other surface interaction
phenomena as a function of the particle impact velocity. It
consists of a narrow slit, and the nozzle area can be varied
by manually changing the slit length (3–30 mm). A
detailed description of the VNAI can be found from the
work of Arffman et al. (2015). In this study, some of the
dimensions and parameters of the impactor varied
between different experiments. The volumetric flow
through the impactor varied from 0.7 to 10 lpm, the
impactor nozzle width from 0.1 to 2.0 mm, and the jet-to-
plate distance from 0.5 to 2.0 mm, depending on the oper-
ated particle size range. The impactor flow was adjusted
with the help of a mass flow controller (MFC) before the

VNAI (Figure 1). Four different substrate materials,
including steel, aluminium, molybdenum, and Tedlar

�

(polyvinyl fluoride), and a substrate greased with Apie-
zon-L vacuum grease were used in the impactor. The
metal substrates were equally manufactured and finally
polished. The Tedlar substrate was compiled from a steel
substrate that was covered with a layer of commercial
adhesive tape with a Tedlar backing (3M, Weather Resis-
tant Film Tape 838). Before the experiments, the non-
greased substrates were flushed with isopropanol, distilled
water, and clean pressurized air, respectively.

The collection efficiency of the VNAI was determined
as a function of the slit length by measuring the particle
concentration after the impactor and dividing it by a refer-
ence. As a primary reference, the concentration was mea-
sured after the impactor with the slit fully open. The
secondary reference was the concentration measured by
bypassing the impactor, but this was only used to ensure
that the collection efficiency of the impactor was insignifi-
cant with the slit fully open. Different detection methods
were used to measure the particle concentration, depend-
ing on the operated particle size range. For the particles
generated with the VOAG, the concentration was mea-
sured with an ultraviolet aerodynamic particle sizer (UV-

Figure 1. Schematics of the measurement setups (a) for the particles generated with a vibrating orifice aerosol generator (VOAG) cover-
ing the particle size range of 2–8 mm, and (b) for the particles generated with an atomizer and classified with a differential mobility ana-
lyzer (DMA) covering the size range below 1mm. MFC is an abbreviation for a mass flow controller, VNAI for a variable nozzle area
impactor, and UV-APS for an ultraviolet aerodynamic particle sizer.
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APS, Model 3314, TSI Inc., Shoreview, MN, USA) using
the total concentration given by the instrument. In the
size range of 0.47–1.0 mm, the concentration was also
measured with the UV-APS, but only a single channel
from the size distribution, corresponding to the singly
charged particle size penetrated through the DMA, was
taken into account. In both cases, the UV-APS was used
without the ultraviolet laser and fluorescence measure-
ment, operating as an aerodynamic particle sizer.

An overview of the conducted experiments can be
seen in Table 1. Altogether, nine different particle sizes
were measured, two different particle generation meth-
ods were used and the concentration was measured using
two different detection methods. The particle sizes for
the VOAG generated particles were calculated and the
particle sizes classified with the DMA were determined
from the voltage and sheath flow. Table 1 also includes
the impactor nozzle width and impactor flow that are
crucial input parameters for the numerical simulation
and the determination of the impact velocities. Each par-
ticle size was measured with a greased impactor substrate
and with four different non-greased substrates. An
experiment for one particle size with a single substrate
included the measurement of the collection efficiency of
the VNAI as a function of the slit length. The concentra-
tion was measured from 30 to 60 s for a single slit length
in order to minimize the effect of random noise to the
results. The reference concentration measured with the
slit fully open was taken between every fourth or fifth slit
lengths. The substrate loading caused by the collected
particles was calculated to be less than 5%.

2.3. Numerical simulation

The impact velocities were determined by using computa-
tional fluid dynamics (CFD) simulation. A detailed
description and the principles of the method can be found

in previous studies (Arffman et al. 2011, 2015). Briefly, the
simulations were conducted in two steps. The flow field
was first simulated (2D) with ANSYS Fluent software by
using the mass flow rate through the impactor and the
static pressure at the outlet as boundary conditions. As the
Reynolds’ numbers were in the order of 500, the flow field
could be assumed to be laminar. The changes of the slit
length and the nozzle area were taken into account in the
simulation by changing the mass flow rate per depth of
the slit length. In the second step, the particle trajectories
were solved using a Lagrangian particle tracking method.
By solving the trajectories, we were able to determine the
collection efficiencies and impact velocities of the particles.
The computation grid independence of the results was
confirmed by adapting the grid until the results remained
unaffected by further refinements. The grid had to be
more dense near the collection substrate, where the resolu-
tion of the grid was below 1 mm.

Experimental and simulated collection efficiency curves
were fitted by superimposing the cutpoints of the two
curves. The outcome from the fit was the effective density
parameter obtained for each measurement with greased
substrates. The effective density parameter was not only an
estimate for the particle density, but it could be used to vali-
date the simulation method as described by Arffman et al.
(2015). Several non-idealities, such as the uncertainties in
the measured flow rates and pressures, could slightly affect
the value of the effective density parameter. However, as
the density of the particle material was known a priori, a
comparison of the effective density values to the material
density could be used as a validation for the simulation.

Two parameters obtained from the measurement, cor-
responding to the onset of rebound, were used for the
simulation to determine the critical velocity of rebound.
They were the critical slit length and the critical collection
efficiency, for which the experimental determination is
presented later. Because the simulated collection effi-
ciency curves were sharper compared to measured ones,
the impact velocities had to be determined using a param-
eterization when the collection efficiency was below 50%.
At this region, the critical collection efficiency was used to
determine the corresponding slit length on the simulated
collection efficiency curve. Above 50%, the critical slit
length obtained from the measured curve was directly
used for the simulation. This procedure and the parame-
terization was described in detail by Arffman et al. (2015).

3. Results and discussion

3.1. Morphology, density, and collection efficiency

In order to have a fundamental approach on the critical
velocity of rebound for ammonium fluorescein particles

Table 1. Experimental parameters for each particle size. VOAG
refers to a vibrating orifice aerosol generator. Either (1) the con-
centration of a single size distribution channel or (2) the total
concentration of an ultraviolet aerodynamic particle sizer (UV-
APS) was used in the detection. The impactor nozzle width, jet-
to-plate distance and flow are the parameters of a variable nozzle
area impactor (VNAI).

dp
(mm)

Generation
method

Detection
method

Impactor nozzle
width (mm)

Impactor jet-to-
plate (mm)

Impactor
flow (lpm)

0.44 Atomizer UV-APS1 0.1 0.5 4.8
0.87 Atomizer UV-APS1 0.1 0.5 0.7
2 VOAG UV-APS2 0.5 0.5 2.0
2.5 VOAG UV-APS2 2.0 2.0 10.0
3.4 VOAG UV-APS2 0.5 2.0 1.0
4.3 VOAG UV-APS2 0.5/2.0 2.0 1.0/4.0
5.2 VOAG UV-APS2 2.0 2.0 4.0
7.3 VOAG UV-APS2 2.0 2.0 4.0
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corresponding to previous studies (Wang and John 1988;
Wall et al. 1990), we wanted to measure dense and spher-
ical particles. Figures 2a and b show two examples of the
scanning electron microscope (SEM) micrographs of the
generated ammonium fluorescein particles. A clear
spherical morphology can be seen in both of these
micrographs, despite of the variation of the generation
method and the particle size. The 2.5 mm particles gener-
ated with the VOAG (Figure 2b) seemed to have a
slightly apple-like morphology with a pit on top of the
particles. However, the projection of the particles was
spherical with very smooth surface and dense structure.
Among the 0.47 mm particles generated with the atom-
izer and size-classified with a DMA (Figure 2a), also
larger doubly charged particles, penetrated through the
DMA but not detected for the collection efficiency, can
be seen. The morphology seemed to be very spherical in
a wide particle size range with this generation method.

The effective density values obtained from the fitting
process of the model and the experiment are seen in
Figure 2c. The values were close to the bulk density of
ammonium fluorescein that is 1.35 g=cm3 according to
St€ober and Flachsbart (1973). This verified the validity of
the used simulation methods because the use of the effec-
tive densities close to the bulk density provided simu-
lated collection efficiencies corresponding to the
measured collection efficiencies. Therefore, also the
impact velocities provided by the simulation could
be assumed to be realistic. A similar validation for the
same method was carried out by Arffman et al. (2015)
with spherical silver particles.

Figure 3 shows two examples of the collection effi-
ciency of the VNAI as a function of the slit length. Both
of these examples were measured using a greased sub-
strate and a non-greased steel substrate in the impactor.
In every case, the collection efficiency was approximately

zero at the slit lengths close to the maximum. When the
slit length was shortened, the collection efficiency started
to increase, reaching approximately one with the greased
substrate. With the non-greased substrate, the collection
efficiency differed from the curve measured with the
greased substrate at some point, indicating the onset of
rebound. The slit length and the collection efficiency cor-
responding to the onset of rebound were the critical slit
length Lcrit and the critical collection efficiency hcrit,
respectively. The reincrease of the collection efficiency
seen in Figure 3a with slit lengths below 20 mm most
probably referred to the onset of plastic deformation
with higher impact velocities. Similar behavior was also
observed by Arffman et al. (2015) for silver particles.

3.2. Critical velocity of rebound and obliquity of
impacts

In an impactor, particles can impact with different nor-
mal and tangential velocities as shown in the schematic
in Figure 4a. At the onset of rebound, some of the
impacted particles have a normal velocity that exceeds
the critical velocity and they rebound. According to pre-
vious studies, the presence of the tangential velocity
component may lower the critical normal velocity
required for the rebound (Wang and John 1988; Brach
et al. 2000). This may lead to a situation where the
rebound begins at a certain location on the impactor
substrate from the particles having a lower normal veloc-
ity and higher tangential velocity compared to the par-
ticles impacting with the maximum normal velocity. It is
not possible to distinguish the location of the onset of
rebound and the exact velocity components involved.
The maximum normal velocity forms an upper limit for
the critical velocity of rebound and the lower limit is the
normal velocity component from the particles with the

Figure 2. (a–b) Scanning electron microscope (SEM) micrographs of the ammonium fluorescein particles and (c) the effective density
parameter obtained from the fitting process as a function of the particle size. (a) 0.47 mm particles were generated with an atomizer
and size-classified with a differential mobility analyzer (DMA). Also doubly charged larger particles penetrated through the DMA can be
seen. Monodisperse (b) 2.5 mm particles were generated with a vibrating orifice aerosol generator (VOAG). (c) The solid line represents
the bulk density of ammonium fluorescein.
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Figure 3. (a–b) Two examples of the collection efficiency of a variable nozzle area impactor (VNAI) as a function of the slit length. In
these examples, the non-greased substrate was steel. The onset of rebound was determined from (c–d) the difference of the non-
greased collection efficiency and the fitted curve. The critical slit length Lcrit and the critical collection efficiency hcrit correspond to the
onset of rebound.

Figure 4. (a) A schematic of the particles impacting with different normal and tangential velocities. Bold arrows represent the maximum
values of these components. (b) The velocities corresponding to the onset of rebound as a function of the particle size for ammonium
fluorescein particles. The maximum value of the normal velocity component vn;max and the jet velocity vjet were determined using simu-
lations. Also the theoretical size dependency of the critical velocity of rebound vtheor is shown. (c) The maximum normal velocity normal-
ized with the theoretical critical velocity as a function of the ratio of the maximum tangential vt;max and normal velocities. The ratio of
the maximum tangential and normal velocities corresponds to the obliquity of the impact. Three different groups of data can be seen.
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maximum tangential velocity. For the experiments of this
work, the lower limit was calculated to be close to the
upper limit. Even in the worst case, it was approximately
40% of the upper limit. We could have chosen any esti-
mate between these limits to represent the critical veloc-
ity, but to be comparable also with the previous studies
(Wang and John 1988; Rennecke and Weber 2013; Arff-
man et al. 2015), we used the maximum normal velocity
vn;max. Furthermore, the maximum tangential velocity
vt;max was used to describe the obliquity of the impact.
These values, as well as the jet velocity vjet, were obtained
from the simulation.

Figure 4b shows the maximum normal velocity and
the jet velocity corresponding to the onset of rebound as
a function of the particle size. It should be noted that the
jet velocity was only one factor describing the impactor
flow field at the onset of rebound. Also the flow through
the impactor and the nozzle width had been changed
between different measurements. A lot of deviation can
be seen in the maximum normal velocities compared to
the theoretical particle size dependency shown in
Figure 4b. The theoretical critical velocity vtheor shown in
Figure 4b is inversely proportional to the particle size
and it was fitted to form an upper limit for the experi-
mental values. The explanation for the deviation of the
experimental values was found in the variation of the
impactor flow field and the tangential velocity compo-
nent between different measurements. The ratio of the
maximum tangential and normal velocities was defined
as a measure of obliquity for the impact. Furthermore,

we normalized the maximum normal velocity at the
onset of rebound with vtheor in order to have a size-inde-
pendent but arbitrary quantity for the critical velocity.
This normalized maximum normal velocity is presented
as a function of the ratio of the maximum tangential and
normal velocities in Figure 4c. The results showed that
the increase of obliquity and the tangential velocity com-
ponent remarkably decreased the normal velocity
required for the rebound. Figure 4c also shows that the
data could be divided into three different groups. The
first group was formed for the data of close-to-normal
impacts with the velocity ratio below 1.5 and the second
group for higher obliquity and the velocity ratios
between 2 and 4. In the third group, the impacts were
extremely oblique with the velocity ratio above 9.

Consequently, the results of the critical velocity corre-
sponding the maximum normal velocity are shown in
Figure 5 divided into the three groups. The obliquity
seemed to affect significantly the critical velocity of
rebound. Based on the fits with the same theoretical size
dependency, the data for velocity ratios of 2–4 differed
from the data of the close-to-normal impacts (ratio
<1.5) by a factor of 4. The critical velocity values for the
most oblique impacts with a velocity ratio above 9 were
more than a magnitude lower than the critical velocities
for the close-to-normal impacts. The latter data had a
significant deviation and uncertainty in the particle size
dependency because of the decreasing accuracy of the
simulation with extremely low velocities. These results
are in line with the previous observations (Wang and
John 1988; Brach et al. 2000; Chen et al. 2015). Based on
our results, it is possible to estimate quantitatively the
effect of obliquity on the critical velocity in impactors.

3.3. Effect of different particle and surface materials

Based on the observation of the critical velocity of
rebound and the obliquity of impacts, we use the data of
the close-to-normal impacts for a detailed analysis and
comparison to previous studies. Figure 6 shows this criti-
cal velocity as a function of the particle size with respect
to the previous results for silver particles (Arffman et al.
2015) and for ammonium fluorescein particles (Wang
and John 1988; Wall et al. 1990). We concentrate on
three issues, which are the effect of the particle material,
the effect of the surface material, and different methods
in determining the critical velocity of rebound.

To be sure that the results of Arffman et al. (2015)
were comparable to the results of this work, the old
results were resimulated and the impacts were found
to be close-to-normal with a velocity ratio below 2.
The effect of the particle material on the critical veloc-
ity seemed to be significant. Arffman et al. (2015) used

Figure 5. The critical velocity of rebound as a function of the par-
ticle size for ammonium fluorescein particles with respect to the
obliquity of the impact. Three different groups having different
ratios of the maximum tangential and normal velocities are dis-
tinguished. Also the theoretical fits are shown, separately for dif-
ferent groups.
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an aluminium surface for silver particles, but the dif-
ference to the results of this study for ammonium fluo-
rescein particles with the same surface material and
the same method was substantial (Figure 6). At the
particle size of one micron, the difference in the criti-
cal velocity was approximately two orders of magni-
tude. There was also a difference in the particle size
dependence of these two particle materials. A power fit
for the silver data resulted in an exponent value of
¡ 1.6 and for the ammonium fluorescein data an expo-
nent value of ¡ 1.1. However, the value for ammonium
fluorescein may not be as reliable as for silver because
of a smaller amount of data, more restricted size range
and uncertainty related to some of the data points. The
error bars for our results describing the sensitivity of
the method were estimated by assuming an uncertainty
of § 1 mm in the measured critical slit length (Figure 6).
The particle sizes of 3.4 and 4.3 mm were the most reli-
able data points in this respect. It should be noted that
the error bars only formed an estimation for the accu-
racy of the method, and also a different estimation
could have been used, for example, by assuming a
smaller uncertainty in the measured critical slit length.
However, with the current error limits, we were able to
estimate the relative reliability of different data points
and the overall accuracy of the method.

A good agreement was achieved between the results of
this study for ammonium fluorescein particles on a steel
surface and the results of Wang and John (1988) with the
same materials (Figure 6). The agreement was especially
good with the most reliable data points of our results.
Wang and John (1988) also used an impactor and compu-
tational methods to determine the critical velocity. Com-
paring the results of this study for molybdenum and
Tedlar surfaces to the results of Wall et al. (1990) with the
same materials showed relatively small but clear differen-
ces (Figure 6). Wall et al. (1990) used laser Doppler veloc-
imetry to measure the impact and rebound velocity in
accurately normal collisions. In an impactor, particles
always have some tangential velocity when they impact,
which may result in lower critical velocities compared to
the laser Doppler velocimetry measurements. This expla-
nation was already raised byWang and John (1988) and it
is in line with our results for increasing obliquity.

The surface material seemed to have no observable
effect on the critical velocity of rebound (Figure 6). It is
possible that the effect of the surface material was hidden
in the uncertainty of the method and could be seen with a
more accurate method. However, no difference was seen
between the test materials even for the most reliable data
points of our results. Also the power fits shown in Figure 6
for steel and aluminium were almost the same with the
exponent value of ¡ 1.1. All of the surface materials used
in this work were hard and plane on a macroscopic scale,
including three metals and one plastic material. Most
likely, the results would have been different with softer
or porous materials. Even if the effect of obliquity on the
critical velocity is linked to the microscopic surface
roughness, we did not see any clear differences between
the polished metal surfaces and the Tedlar surface. Wall
et al. (1990) reported that the adhesion surface energy
was an important factor affecting the critical velocity of
rebound. However, the effect of the surface energy was
small compared to the effect of the particle material and
the obliquity of the impact found in this study, as well as,
compared to the accuracy of our method. To investigate
the effect of the surface material properties on the critical
velocity of rebound, measurements for soft and porous
materials should be conducted in future and the accuracy
of the method should be improved.

4. Summary and conclusions

In this study, the critical velocity of rebound was deter-
mined for ammonium fluorescein particles in a size
range of 0.44–7.3 mm by using a variable nozzle area
impactor (VNAI) and numerical simulations. The varia-
tion of impactor parameters, primarily used for covering
different particle sizes, caused a divergence of the critical

Figure 6. The critical velocity of rebound as a function of the par-
ticle size. The results of this study for ammonium fluorescein
(C20H16NO5) are shown with respect to the previous results for sil-
ver particles (Arffman et al. 2015) and for ammonium fluorescein
particles (Wang and John 1988; Wall et al. 1990). The marker
shape represents the surface material. Power fits for steel (solid
lines) and aluminium (dashed lines) are shown. The error bars,
shown as an example for steel, represent the sensitivity of the
method.

8 H. KUULUVAINEN ET AL.
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velocities. It was found that the obliquity of the impact
and the tangential velocity component remarkably low-
ered the normal velocity required for the rebound, i.e.,
the critical velocity. The obliquity was characterized
quantitatively by the ratio of maximum tangential and
normal velocities at the onset of rebound. For velocity
ratios of 2–4, the critical velocities were four times lower
than the critical velocities for close-to-normal impacts
having a velocity ratio smaller than 1.5. The most oblique
impacts with a velocity ratio above 9 resulted in critical
velocities more than a magnitude smaller compared to
the close-to-normal impacts. The strong dependence of
the critical velocity on the obliquity of the impact may
have an influence on the impactor design and instrument
development. Depending on the application, if particle
rebound must be avoided or is desired, the impactor
should be designed to have high or low tangential veloci-
ties, respectively. The effect of obliquity on the critical
velocity can be estimated qualitatively in impactors based
on the results of this study.

The surface material was found to have no significant
effect on the critical velocity of rebound within the accu-
racy of the method. The test materials in this study were
steel, aluminium, molybdenum, and Tedlar. Even though
the particle bounce can generally be avoided with greased
or porous surface materials in impactors, there were rela-
tively small differences in the rebound sensitivity of these
hard test materials. On the other hand, the particle mate-
rial may have a substantial effect on the critical velocity.
This was confirmed by the comparison between the
results of this study for ammonium fluorescein particles
and the results of Arffman et al. (2015) for silver par-
ticles. Both of these results were determined with the
same method and the impacts were checked to be close-
to-normal with respect to the obliquity. The comparison
showed that the critical velocity was approximately two
orders of magnitude higher for ammonium fluorescein
than for silver at the particle size of one micron.

The results of this study for ammonium fluorescein
particles on a steel surface agreed well with the previous
results of Wang and John (1988) for the same materials.
The agreement practically connects our method based on
the VNAI and numerical simulations to the set of previ-
ous critical velocity results for micron-sized particles.
Since many of the methods applied in the size range
above 1 mm are not applicable in the nanoparticle size
range, this connection is an important link between the
nanoparticles and micron-sized particles. We also saw a
similar difference between our results and the results of
Wall et al. (1990) with the corresponding materials that
was seen by Wang and John (1988) in their study. The
direct measurement of the incident and rebound velocity
in accurately normal collisions, such as performed by

Wall et al. (1990), may result in a higher critical velocity
than the critical velocity determined using an impactor
with close-to-normal impacts. However, this difference is
relatively small compared to the effect of the particle
material and very oblique impacts outlined above.
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ABSTRACT
The triboelectric charging of fungal spores was experimentally characterized during rebound and
resuspension. A fungal spore source strength tester (FSSST) was used as a primary aerosol generator
for spores of three fungal species and two powders (silicon carbide and silver). The critical velocity
of rebound was determined using a variable nozzle area impactor (VNAI), and the charging state of
particles after resuspension and rebound was measured using the FSSST, different impactor setups,
electrometers, and optical particle counters. In the impactor setups and the FSSST, five different
surface materials relevant for indoor environments were used (steel, glass, polystyrene, paper, and
polytetrafluoroethylene). The critical velocity of rebound was determined to be 0.57 m/s for fungal
spores, which is relatively low compared to silicon carbide and previous results for micron-sized
aerosol particles. Based on the rebound impactor measurements, we were able to define the crucial
parameters of charge transfer for different particle–surface material pairs. A contact charge
parameter, which describes the triboelectric charging during rebound, was found to have a
negative correlation with the charging state of the particles after the resuspension from an
impactor. This connects the triboelectric charging during rebound and resuspension to each other.
Based on the contact charge parameter values, quantified triboelectric series could be formed. The
results of this work show that fungal spores can be charged both positively and negatively during
rebound and resuspension depending on the fungal species and surface material.

EDITOR
Jian Wang

1. Introduction

Fungal spores are present in outdoor and indoor air,
often as a dominant biological component. As primary
biological aerosol particles (PBAP), they can act as cloud
condensation nuclei and ice nuclei, contributing to cloud
formation and global climate (Despr�es et al. 2012). Fun-
gal spores also have adverse health effects. Respiratory
diseases and allergies may arise from the inhalation of
fungal spores (Douwes et al. 2003). Water damages and
subsequent mold growth in buildings can lead to the
release of fungal spores and degrade the indoor air qual-
ity (Mendell et al. 2011). The identification of indoor
mold problems is usually based on the analysis of con-
taminated building structures or collected fungal spore
samples. However, to understand the dynamics of fungal
spores in indoor environments, their physical properties
should also be studied in the aerosol phase.

Various offline techniques have been used to collect
fungal spores, such as an Andersen impactor and filter
sampling (Reponen et al. 2011). These methods are well-

established for culture-based and microscopic analyses,
and the identification of different species. For measuring
the size distribution and concentration of fungal spores,
there are more sophisticated online methods based on
laser-induced fluorescence (LIF), such as an ultraviolet
aerodynamic particles sizer (UV-APS, TSI Inc.) and a
BioScout (Environics Ltd.). A comparison of these two
instruments was performed by Saari et al. (2014). So far,
most studies focused on the size distributions of fungal
spores have been conducted in the laboratory settings.
The spores have been found to form rather monodis-
perse particle size distributions in the size range of 2–3
mm (Cho et al. 2005; Saari et al. 2015). In these experi-
ments, a fungal spore source strength tester (FSSST) was
used to generate the aerosol samples of known fungal
species. The tester was introduced by Sivasubramani
et al. (2004) and it has been used in several other studies.

The settling velocity of fungal spores is in the order of
1–10 mm/s (Hussein et al. 2013) and their deposition
onto different surfaces in indoor environment is
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relatively fast. Furthermore, fungal spores can easily be
resuspended from different surfaces. Everyday indoor
activities, such as cleaning, can affect the fungal spore
concentrations through resuspension (Reponen et al.
1992; Lehtonen et al. 1993). Another phenomenon that
might be relevant especially in ventilation and filtration
systems is the rebound of fungal spores from surfaces. In
general, the rebound of aerosol particles has been studied
in order to design filters and impactors with a low proba-
bility of particle bounce (Dahneke 1971; Chang et al.
1999; Mullins et al. 2003). Even if the efficiencies of filters
are usually very high, the role of particle rebound can be
significant in high-volume filtration used in applications
such as indoor air purification and ventilation (Hubbard
et al. 2014). For the rebound, there is a crucial parameter
called the critical velocity of rebound, the lowest impact
velocity with which a particle rebounds from a surface. It
has been determined previously for micron-sized aerosol
particles with different particle and surface materials
(Wall et al. 1990), for submicron silver particles
(Rennecke and Weber 2013; Arffman et al. 2015), but
not for bioaerosols, such as fungal spores.

In triboelectric charging, charges move from one
material to another in contact to equalize their electro-
chemical potential. A similar charge transfer phenome-
non often takes place between an aerosol particle and a
surface during rebound or consecutive deposition and
resuspension processes. This has been widely studied for
medical aerosols and inhalators (Watanabe et al. 2007;
Matsusaka et al. 2010). A theoretical point of view and
experimental studies for the charge transfer of micron-
sized aerosol particles and smooth surfaces were pre-
sented by John et al. (1980) and later reviewed by John
(1995). More recently, Kuuluvainen et al. (2013) mea-
sured the charge transfer in a cascade impactor for nano-
particles. Although triboelectric charging of fungal
spores during rebound and resuspension is likely to
occur in indoor environments, it has not been studied
previously. Airborne fungal spores have been found to
carry a net negative charge in most environments (Lee
et al. 2004), and their charging state can differ signifi-
cantly from nonbiological particles (Mainelis et al. 2001).
The charging state is especially important in electric
fields. Electric fields can be found everywhere in indoor
environments, for example, close to electric household
appliances. In more specific applications, such as electro-
static filters and samplers, the charging state of fungal
spores is a key factor (Han et al. 2011; Tan et al. 2011).

In this study, we present experimental results for the
triboelectric charging of fungal spores and the critical
velocity of rebound. The main idea of this study was to
investigate the behavior of fungal spores on different sur-
faces relevant for indoor environments. In addition to

spores of three fungal species, two reference materials
were used, and the results were compared to the theoreti-
cal knowledge and previous studies. An extensive dataset
of charge transfer parameters and quantified triboelectric
series for different materials is provided.

2. Theoretical background

2.1. Resuspension

Resuspension is the detachment of a particle from a
suface and its transport away. In more specific terms, re-
entrainment and blow-off refer to resuspension by a jet
of air. In resuspension, the particle has to overcome the
adhesion energy between the particle and the surface.
Unlike the static detachment in a centrifuge, the forces
required for resuspension can be less than 1% of the
static adhesion forces (Hinds 1999). That is usually the
case in re-entrainment and blow-off in which rolling and
sliding of the particle can be involved before it becomes
airborne.

Resuspension is a very challenging phenomenon to
investigate both from the point of view of models and
experiments. Reeks and Hall (2001) performed experi-
ments in a centrifuge to measure adhesive forces and in
a blower to measure the forces required for resuspension.
They found a kinetic model called “rock’n roll” to have
the best agreement with the experiments. Different types
of blow-off experiments are especially relevant for resus-
pension in outdoor environments mimicking natural
wind. In indoor air, everyday activities such as walking
or cleaning affect resuspension through mechanical,
aerodynamic, and electrostatic disturbance. The effect of
walking on resuspension can be studied, for instance, in
specific chambers where both aerodynamic and mechan-
ical disturbance are generated in a reproducible way
(Gomes et al. 2007). Boor et al. (2013) reviewed previous
studies on resuspension in indoor environments and
found fundamental differences between monolayer and
multilayer deposits.

2.2. Triboelectric effect

Everyday static electricity is usually triboelectric. When
two dissimilar materials are brought into a contact and
separated, one will become positively and one negatively
charged. The transferred charge depends on the electro-
chemical potential of the materials and the contact area.
Different combinations of insulating and conductive
materials can be treated differently from a theoretical
point of view (Lowell and Rose-Innes 1980). However,
the triboelectric effect is in general poorly understood
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and experiments are usually not reproducible (Ireland
2009; Castle 1997).

In triboelctric series, materials are listed according to
their charge affinity with relation to other materials. The
materials on the top of the series are most willing to
donate electrons and the materials on the bottom of the
series most willing to steal electrons. In general, the tri-
boelectric series found in the literature are approximate,
qualitative, based on a single experimental setup, and not
reproducible. However, it is also possible to obtain quan-
titative or semiqualitative triboelectric series by measur-
ing the charge, charge affinity, or charge density with
relation to a reference material (Park et al. 2008; Diaz
and Felix-Navarro 2004).

2.3. Charge transfer during rebound

The charge transfer of an aerosol particle to a surface
during rebound can theoretically be divided into the
transfer of preliminary charge and triboelectric contact
charging. John et al. (1980) formulated a model where
both of these factors were theoretically derived for a
spherical particle and a smooth surface starting from the
elasticity theory of Hertz. As a result, the total charge
transferred during rebound could be written as

qtot D qc Cbq0; [1]

where qc is the contact charge, q0 is the preliminary
charge, and b is a parameter describing the precharge
sensitivity of the process. John et al. (1980) also mea-
sured qc and b values experimentally for sodium chlo-
ride, methylene blue, potassium biphthalate, and
aluminum particles on different metal surfaces. They
found contact charge values usually in the order of 100
elementary charges per particle using impact velocities
around 70 m/s. Furthermore, the contact charge was
proportional to the cube of the particle diameter and
directly proportional to the impact velocity. In some
studies (Yamamoto and Scarlett 1986; Watanabe et al.
2007), a concept of an equlibrium charge has been used
to describe the transferred charge during rebound. The
equlibrium charge means the value of the preliminary
charge with which the total charge transferred is zero.

In this study, the charge transfer during rebound was
characterized according to the theory presented above.
This means that the transferred charge was defined to be
the average charge transferred from a single particle to a
surface. The contact charge is the transferred charge to
the same direction for a preliminarily neutral particle. In
addition to the study by John et al. (1980), the same
notation has been used in other studies (John 1995;
Kuuluvainen et al. 2013). On the other hand, the

transferred charge in the resuspension experiments was
defined from the viewpoint of a particle, as a charge
obtained by a resuspended particle. This is reasonable
because we are finally interested in the charge obtained
by the particles.

3. Methods

3.1. Sample preparation and aerosolization

Spores of three different fungal species were used in the
experiments: Aspergillus versicolor (A.n.), Cladosporium
cladosporioides (C.c.), and Penicillium brevicompactum
(P.b.). A detailed description of the fungal spore sample
preparation can be found in a previous study (Saari et al.
2015). Briefly, 0.5 ml of fungal spore suspension was
inoculated on an agar plate for each sample. Then, the
inoculated agar plates were incubated in a conditioned
chamber at a room temperature and at a relative humid-
ity of 95–97% for a growth period of one month. The
chamber was exposed to daylight (6 h) and darkness
(18 h) throughout the growth period. Before aerosoliza-
tion, the samples were dried in a laminar flow hood over-
night to reduce humidity on the culture surface and
improve the release of spores.

In addition to the fungal spores, two reference materi-
als were used. Because the reference materials had to be
comparable to the fungal spores, only solid powders or
dusts with a similar size distribution were used. The first
reference material was silicon carbide (SiC) standard test
dust (Particle Technology Ltd., 0.5–10 mm). Material
density of silicon carbide is 3.2 g/cm3. The second refer-
ence material was commercial silver powder with the
particle diameter of 0.7–1.5 mm and near-spherical mor-
phology (Inframat Advanced Materials, purity 99.95%).

The aerosolization was carried out using a fungal
spore source strength tester (FSSST). In the FSSST, a
generation substrate with fungal spores is placed below a
multiple-nozzle plate. When an air stream is driven
through the nozzles, the spores are blown off and aero-
solized. The aerosol sample comes out from the center of
the instrument. In this study, we used a total flow of
25 lpm through the FSSST. Since the FSSST was also
used to study the resuspension from different surfaces,
the fungal spores were generated either directly from the
agar growth plates or from substrates with different
materials including steel, glass, polystyrene, paper, and
polytetrafluoroethylene (PTFE). Moving the fungal
spores from the growth plates onto the different sub-
strates was carried out using glass beads with a diameter
of 425–600 mm (Sigma-Aldrich Co.). First, spores were
attached on glass beads by gently shaking them on an
agar growth plate. After that, the glass beads were moved
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onto a studied substrate and shaken again. With this pro-
cedure, a relatively thin and smooth layer of fungal
spores was obtained on different substrates. The refer-
ence particle materials, silicon carbide and silver, were
also generated using the FSSST and different substrate
materials. Glass beads were used to spread the powder or
dust and smoothen the layer. Figure 1a schematically
shows the studied phenomena of this study with a list of
particle and surface materials.

3.2. Rebound experiment

Figure 1b shows a schematic of the first measurement
setup. The main purpose of this setup was to measure
the charge transfer of particles during rebound. In addi-
tion, the resuspension experiment with the FSSST and
impactor collection for further experiements were con-
ducted. At first, filtered air (25 lpm) was led through the
system bypassing the FSSST. A sample substrate loaded
with fungal spores or reference material was installed

and the air flow was turned into the FSSST. After that,
the aerosol was passed through a corona charger and a
flow splitter to measuring devices. A single measurement
took as long as measurable concentrations were obtained
from the FSSST, usually about 2 min. This was referred
as a single aerosol sample and the rebound experiment
consisted of altogether 133 aerosol samples. The corona
charger was a charger of an electrical low-pressure
impactor (ELPI, Dekati Ltd.) (Keskinen et al. 1992), and
it was turned on and off to obtain varying state of pre-
liminary charge for the particles used in the rebound
experiment. For each material pair, at least three samples
were measured directly from the FSSST and at least three
samples were measured using the corona charger after
the FSSST. The whole system was installed vertically
starting from the corona charger and the length of the
sample lines was optimized, in order to minimize inertial
collisions with the sample lines and subsequent losses or
change of charge in the system. A special flow splitter
(Model 3708, TSI Inc., Shoreview, MN, USA) was used

Figure 1. (a) Resuspension and rebound was studied for five particle materials and five surface materials. The fungal species were Asper-
gillus versicolor (A.n.), Penicillium brevicompactum (P.b.), and Cladosporium cladosporioides (C.c.). PTFE is the abbreviation for polytetra-
fluoroethylene. (b) A schematic for the measurement setup for the rebound experiment, the resuspension experiment with a fungal
spore source strength tester (FSSST), and the impactor collection. (c) A schematic for the measurement setup for the resuspension
experiment with an impactor. The Faraday-cup electrometers (FCE), impactors, and filter stage were parts of an electrical low-pressure
impactor (ELPI).
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in order to ensure comparable aerosol samples for differ-
ent measuring devices.

An optical particle sizer (OPS, Model 3330, TSI
Inc.) was used to measure the particle size distribu-
tion and number concentration. The operation of the
OPS is based on single particle counting and optical
size measurement. In these experiments, the sample
flow to the instrument was 1 lpm and averaged data
was saved every 10 s for the data analysis. The impac-
tor setup used to measure the charge transfer of par-
ticles during rebound consisted of a single ELPI
impactor stage (stage number 8, cutoff 0.92 mm) and
a filter stage placed downstream. The impactor stage
was chosen to have impact velocities high enough for
particle rebound with fungal spores and reference
materials. The impactor and filter stages were
installed into an ELPI unit so that we were able to
measure electric current from the impactor stage and
filter stage with the electrometers. By summing up
these two currents, we obtained the total current cor-
responding to a Faraday-cup electrometer measure-
ment. The compact installation into the ELPI unit
practically excluded the effect of particle losses to the
relation of these two currents. The flow through the
impactor was 10 lpm. The impactor stage was modi-
fied so that different substrate materials could be
used as an impaction plate. The materials were the
same as in the FSSST generation exept growth sub-
strate agar which was used only in the FSSST. Steel,
polystyrene, and glass substrates were purified with
isopropanol, flushed with distilled water, and finally
dried with pressurized air. Paper and PTFE substrates
were only flushed with clean pressurized air. From
the fungal spores, A.n. was measured with all the sur-
face materials, including steel, glass, polystyrene,
paper, and PTFE, but P.b. and C.c. were measured
only with steel and glass. The reference particle mate-
rials silicon carbide and silver were measured with all
the surface materials.

To process the data, the average total charge trans-
ferred during the rebound was calculated using the
total flow through the impactor, the electric current
signal measured from the impactor stage, and the
total concentration measured with the OPS before the
impactor. We assumed that all the particles bounced
in the impactor in order to obtain the amount of
charges per particle after the rebound. This assump-
tion is supported by the critical velocity results and
calculated impact velocities in the rebound impactor
as shown later. All the measurement data was aver-
aged over the aerosol sample time. The preliminary
net charge of particles was calculated simlarly using
the total current (the sum of the impactor and filter

stage currents) instead of the impactor stage current.
This was carried out for all the aerosol samples.

3.3. Resuspension experiments

The first resuspension experiment was carried out using
the FSSST with different surface materials and measuring
the charging state of particles downstream. In addition,
the resuspension from different surfaces was studied in
an impactor with more sophisticated deposition and
blow-off processes. A single ELPI impactor stage (stage
number 9, cutoff 1.6 mm) was used as a collection impac-
tor with various substrate materials. The impactor was
chosen so that it would collect majority of the studied
particles. The substrate materials and their cleaning pro-
cedures were the same as in the rebound impactor. Dur-
ing the first experiment (Figure 1b), an aerosol flow of 10
lpm was led through the impactor during at least three
aerosol samples with the same particle material in order
to have enough material for subsequent blowoff. The jet
velocity in the impactor was calculated to be 22 m/s
assuming incompressible flow. Upstream from the
impactor, there was a radioactive source which was used
to neutralize the particles and collected sample. With
this collection procedure, we were able to obtain a very
thin layer of particles on the impactor collection sub-
strate where most of the particles were in a direct contact
with the substrate material and net neutral.

Figure 1c shows the setup for the resuspension experi-
ment with an impactor. After finishing the collection, a
relatively high flow (25 lpm), corresponding to a jet
velocity of 54 m/s, was led through the collection impac-
tor in order to blow off the collected particles. The charge
and concentration of resuspended particles were mea-
sured with a Faraday-cup electrometer and with an OPS
downstream from the impactor. Altogether 20 aerosol
samples of resuspended particles were measured. Some
of the material pairs were measured only once and some
of them were repeated.

3.4. Critical velocity experiment

A variable nozzle area impactor (VNAI) introduced
by Arffman et al. (2015) was used to measure the
critical velocity of rebound for fungal spores (A.n.)
and silicon carbide particles (SiC). The VNAI is a
new type of a slit impactor where the slit length and
the impact velocity can be changed without changing
the impact conditions. The flow through the impactor
was 1 lpm and it was used in ambient pressure. The
impaction substrate in the VNAI was machined alu-
minum and it was cleaned with isopropanol and
flushed with distilled water before the experiment.
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The collection efficiency of the VNAI was determined
by measuring the particle concentration before and
after the impactor with an OPS and a LAS-X II (Par-
ticle Measuring Systems Inc.), respectively, and mea-
sured as a function of the slit length. After that, the
onset of rebound and the corresponding critical slit
length were determined from the experimental data
and exploited to calculate the critical velocity using
CFD simulations. A detailed description of the
computational part of the analysis is seen in the study
of Arffman et al. (2015). In the critical velocity exper-
iment, the setup was similar to the one used in the
rebound experiment (Figure 1b), but the rebound
impactor was replaced by the VNAI and the LAS-X
II in series. Altogether 28 aerosol samples were gener-
ated with the FSSST and measured with slit lengths
3–30 mm of the VNAI for both the fungal spores
and silicon carbide particles. The corona charger was
either turned on or off but it was found to have no
effect on the measurement.

4. Results and discussion

4.1. Generated particles

First, we focus on the results obtained for the FSSST
as a primary particle generator. Figure 2 shows the
number size distributions as a function of the optical
particle size measured with the OPS. These distribu-
tions are averaged over 22–47 aerosol samples for
each particle material. No differences were seen

between different generation substrates (data not
shown). The size distributions of different fungal
spores were very similar: relatively narrow and peak-
ing around 2–3 mm. Previously, the aerodynamic size
of A.n. fungal spores was measured to be 2.8 mm
(Saari et al. 2015). The silicon carbide particles had
approximately the same size as the fungal spores but
slightly a wider size distribution. In the silver size dis-
tribution, the peak was around 1 mm and the size dis-
tribution was much wider having actually two side
peaks on the both sides. However, if we take into
account the density of silver (10.49 g/cm3) and
assume that the optical size corresponds the physical
size of the sphere, the aerodynamic size would be
around 3 mm. It is preferable that all the particles
correspond to each other in the aerodynamic size
range. The average impact velocity in the rebound
experiment for 2.8 and 3 mm particles (aerodynamic
size) was calculated to be 25 and 26 m/s, respectively.

4.2. Critical velocity of rebound

Figure 3 shows the collection efficiency of the VNAI as a
function of the slit length measured for A.n. fungal
spores on an aluminum surface. By decreasing the slit
length from 30 mm down to 20 mm, the collection effi-
ciency increased. After that, nearly all the particles were
collected, until, at the slith length of 16.2 mm, the collec-
tion efficiency began to decrease again. This is the critical
slit length corresponding to the onset of rebound and the

Figure 2. The number size distributions of different particles from
a fungal spore source strength tester (FSSST). A.n., P.b., and C.c.
are abbreviations for fungals species Aspergillus versicolor, Penicil-
lium brevicompactum, and Cladosporium cladosporioides, respec-
tively. Ag refers to silver and SiC to silicon carbide.

Figure 3. The measurement of the critical velocity of rebound for
Aspergillus versicolor fungal spores on an aluminum surface. The
onset of rebound can be seen as a drop in the collection
efficiency curve.
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critical velocity of rebound. It was determined from the
measurement data by searching the intersection of a lin-
ear fit and the collection efficiency curve. Finally, the
critical velocity of rebound was calculated to be 0.57 m/s.
Lower and upper limits for the critical velocity can be
seen in Table 1. These are based on a sensitivity analysis
in which 1 mm is substracted and added to the critical
slit length and the corresponding critical velocities
calculated.

For silicon carbide, the critical velocity of rebound
was determined to be 2.5 m/s (Table 1). This is
almost five times higher than for fungal spores. Both
of these values are in good agreement with the previ-
ously reported critical velocities for micron-sized
aerosol particles and different material pairs (Wall
et al. 1990). With respect to these previous results,
the fungal spores bounce very easily and the silicon
carbide particles require more energy to rebound
than other types of particle materials on average.
However, more recently published results by Arffman
et al. (2015) for silver particles on an aluminum sur-
face predict critical velocities even much lower in the
order of 10¡2 m/s for the particle sizes above 1
micron. These results show that the critical velocity
of rebound can be highly dependent on the particle
and surface material.

4.3. Charging during rebound

Based on the measurement of the critical velocity and the
calculated average impact velocities, it is most likely that
nearly all the particles bounced in the rebound experi-
ment, which was an assumption in the data processing.
Figure 4 shows the average transferred charge as a func-
tion of the preliminary net charge separately for A.n. fun-
gal spores and silicon carbide particles on glass and
PTFE substrates. Each data point represents a single
aerosol sample. When the aerosol was measured directly
from the FSSST, it had a negative or close to zero prelim-
inary charge. Using the corona charger after the FSSST
resulted in clearly positive preliminary charge. The varia-
tion of the preliminary charge enables reliable use of lin-
ear fits and Equation (1). As seen in Figure 4, the
dependence was linear for each of these material pairs.

From the linear fits, we obtained two parameters, the
contact charge qc and the b-parameter, for each material
pair. The b-parameter is the slope of the fit, and the con-
tact charge is the transferred charge for preliminarily
neutral particles. These parameters with 95% confidence
limits can be seen in Table 2 for all the measured mate-
rial pairs. An overview on the confidence limits of the
parameter values indicates that the theory fits into the
measurements well. Only a few cases for steel and glass
substrates show deviation in this respect. The b-values
are mainly between 0.2 and 0.7 (Table 2). Previously,
John et al. (1980) have also measured b-values in the
same range for some materials such as sodium chloride
particles on different metal surfaces. Based on the results
of this work, b seems to depend on the surface material.
The highest values were obtained for PTFE (average
0.63) and glass (0.51), and the lowest values for paper
(0.28) and steel (0.29). For the contact charge parameter,
we obtained values from ¡830 to C710 elementary

Table 1. The critical velocity of rebound (vcrit) for Aspergillus versi-
color (A.n.) fungal spores and silicon carbide (SiC) particles. Also,
the aerodynamic size of the particles (da) and the critical slit
length (Lcrit) are shown.

Material da (mm) Lcrit (mm) ncrit (m/s) ncrit limits (m/s)

A.n. 2.8 16.2 0.57 [0.25, 0.65]
SiC 3 11.4 2.5 [2.3, 3.0]

Figure 4. An example of the average transferred charge as a function of the preliminary net charge in the rebound experiment. The data
are shown for (a) Aspergillus versicolor (A.v.) fungal spores and (b) silicon carbide (SiC) particles on glass and polytetrafluoroethylene
(PTFE) substrates. The dependence is linear for each material pair, as predicted by the theory of charge transfer.
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charges which are in the same order of magnitude than
the values published by John et al. (1980) for different
material pairs. The contact charge values for silver par-
ticles were smaller because of the smaller physical size
and the theoretical dependence on the cube of the parti-
cle diameter. For fungal spores, the contact charges with
a steel substrate were negative and close to each other,
but with a glass substrate there was a wide variation. P.b.
had a highly negative value and other fungal spores had
positive values. In applying these parameter values, it is
important to remember that the contact charge is
directly porportional to the impact velocity.

4.4. Charging during resuspension

Two different experiments were carried out to measure
the charging during resuspension. To compare the
results of these two experiments, Figure 5 shows the
amount of charges per particle measured from the
impactor resuspension as a function of the amount of
charges per particle from the FSSST resuspension.
Despite of the same material pairs, no correlation was
seen between these two charges. The net charge from the
FSSST varied from –747 to C48 elementary charges and

Table 2. The parameters of charge transfer for different particle and surface materials. The contact charge (qc) and slope values (b) are
obtained from the linear fits based on the theory of charge transfer during rebound. Also, the 95% confidence limits for the parameters
are shown. A.v., P.b., and C.c. are abbreviations for fungal species Aspergillus versicolor, Penicillium brevicompactum, and Cladosporium
cladosporioides, respectively. PTFE refers to polytetrafluoroethylene, SiC to silicon carbide, and Ag to silver.

Fungal spores

qc [limits] (e) A.v. P.b. C.c

Steel ¡193 [¡317,¡69] ¡263 [¡317, ¡209] ¡194 [¡231, ¡157]
Glass 113 [32, 194] ¡828 [¡925, ¡732] 22 [16, 27]
Polystyrene 42 [24, 61] — —
Paper 195 [118, 272] — —
PTFE ¡37 [¡82, 8] — —

b [limits] (—) A.v. P.b. C.c

Steel 0.31 [0.08, 0.53] 0.20 [0.07, 0.33] 0.32 [0.26, 0.37]
Glass 0.64 [0.55, 0.72] 0.78 [0.43, 0.73] 0.42 [0.41, 0.44]
Polystyrene 0.25 [0.20, 0.30] — —
Paper 0.17 [0.08, 0.26] — —
PTFE 0.61 [0.53, 0.69] — —

Reference materials

qc [limits] (e) SiC Ag

Steel 709 [603, 815] ¡40 [¡53, ¡27]
Glass 335 [286, 384] 132 [97, 167]
Polystyrene 104 [93, 115] 18 [16, 20]
Paper 527 [492, 562] ¡16 [¡20, ¡13]
PTFE 20 [¡1, 41] 2 [0, 4]

b [limits] (—) SiC Ag

Steel ¡0.01 [¡0.38, 0.38] 0.64 [0.41, 0.87]
Glass 0.26 [0.12, 0.40] 0.67 [0.17, 1.17]
Polystyrene 0.32 [0.28, 0.36] 0.27 [0.23, 0.30]
Paper 0.45 [0.33, 0.58] 0.33 [0.26, 0.40]
PTFE 0.56 [0.47, 0.66] 0.72 [0.68, 0.75]

Figure 5. The amount of charges per particle from the impactor
resuspension as a function of the charge from the FSSST (fungal
spore source strength tester) resuspension. The color and marker
shape represent the surface and particle material, respectively.
Also, the amount of charges per particle generated from an agar
substrate with the FSSST for fungal spores is shown. A.v., P.b.,
and C.c. are abbreviations for fungals species Aspergillus versi-
color, Penicillium brevicompactum, and Cladosporium cladospor-
ioides, respectively. PTFE refers to polytetrafluoroethylene, SiC to
silicon carbide, and Ag to silver.
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it was negative or close to zero for all the material pairs.
On the other hand, the net charge from the impactor
resuspension ranged from –210 to C310 elementary
charges and both poarities were represented. We con-
clude that the impactor resuspension with more sophisti-
cated particle deposition process is more reliable to
describe the charging during resuspension from different
surfaces. It seems that the charging state of particles
from the FSSST does not represent the charging state
from pure resuspension but it is a product of the sample
preparation process, multilayer deposits or collisions
after the re-entrainment. It may be that the negative net
charge of particles originates from a triboelectric interac-
tion with the glass beads in the beginning of the process.
Other option is that the turbulent flow right after the
aerosolization creates collisions with the upper parts of
the FSSST device and particles are triboelectrically
charged during the collisions.

Figure 6a shows the contact charge parameter
obtained from the rebound experiment as a function of
the net charge from the impactor resuspension. Even
though the data varied widely, a negative correlation
between these two quantities could be seen. The negative
correlation is reasonable because the contact charge is
the transferred charge from a neutral particle to a sur-
face, and the charge from the impactor resuspension is
the charge obtained by the particle. This indicates that
the triboelectric charging of particles during rebound
correlates with the triboelectric charging of particles dur-
ing resuspension (Figure 6b). For fungal spores, this
means that, by investigating their charging properties in
a rebound test, it is also possible to predict their behavior
during resuspension. This is especially important for
indoor environments where the resuspension from surfa-
ces of different materials can affect the charge and
dynamics of fungal spores.

4.5. Triboelectric series

The contact charge describes the triboelectric interaction
between a particle and a surface. By measuring the con-
tact charge with several material pairs and keeping either
the particle or surface material unchanged, it is possible
to obtain a quantified triboelectric series. Based on the
results of this study, there are several options to form tri-
boelectric series. However, some of the data might not be
consistent with each other in this respect. The contact
charge values varied widely, especially for steel and paper
substrates. Table 3 shows the quantified triboelectric
series for glass, polystyrene, and PTFE based on the

Figure 6. (a) The contact charge parameter as a function of the charge from the impactor resuspension experiment. The color and
marker shape represent the surface and particle material, respectively. A dashed line represents the negative one-to-one correlation
line. A.v., P.b., and C.c. are abbreviations for fungals species Aspergillus versicolor, Penicillium brevicompactum, and Cladosporium clado-
sporioides, respectively. PTFE refers to polytetrafluoroethylene, SiC to silicon carbide, and Ag to silver. (b) A schematic illustration of the
charge transfer during rebound and resuspension. According to the results of this study, the transferred charge is the same.

Table 3. Quantified triboelectric series for three surface materials
based on the contact charging with Aspergillus versicolor (A.v.)
fungal spores, silver (Ag), and silicon carbide (SiC) particles. As a
reference, there is a quantified triboelectric series based on con-
tact charging with a macroscopic object. PTFE refers to
polytetrafluoroethylene.

Gold� A.v. Ag SiC
qrefðnCÞ qcðeÞ qc (e) qc (e)

Glass 1.3 113 132 335
Polystyrene 0 43 18 104
PTFE ¡2.8 ¡37 2 20

�Diaz and Felix-Navarro (2004).
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contact charging with A.n. fungal spores, silver, and sili-
con carbide particles. The level of contact charge may
not be comparable between different particle materials
but the series can be compared relatively. All of these
three series are consistent with each other and also with
the reference adapted from a contact charge measure-
ment between macroscopic objects (Diaz and Felix-Nav-
arro 2004).

5. Conclusions

In this study, we characterized the triboelectric charging
of fungal spores. Experiments with a fungal spore source
strength tester (FSSST), a variable nozzle area impactor
(VNAI), and different impactor setups were carried out.
The impactor setups were used for studying particle
rebound and resuspension. Altogether, spores of three
fungal species, two reference particle materials, and five
different surface materials were studied. A critical veloc-
ity of rebound was determined using the VNAI, and the
net charge of particles was measured after the FSSST
reuspension and the impactor resuspension. From the
rebound experiment, we were able to define two parame-
ters of charge transfer for each material pair.

The triboelectric charging during rebound was con-
nected to the charging during resuspension through
the negative correlation between the contact charge
parameter and the net charge measured from the
impactor resuspension. This is an important result
which combines these two mechanically very different
phenomena from the point of view of triboelectric
charging. As shown in this study, the charging of fun-
gal spores or other particles during resuspension may
not be easy to investigate experimentally. The results
from the FSSST resuspension were totally different
than the results from the impactor resuspension, even
though both of the cases represented similar re-
entrainment and the materials were the same. Several
issues, such as particle charging before the deposition
and multilayered structures on a surface, can disturb
the pure triboelectric charging between a particle and
a surface during resuspension. Thus, it is important
that we can connect resuspension to rebound, the lat-
ter of which is easier to control experimentally and
understand theoretically. However, this connection
and the negative correlation between the contact
charge parameter and the charge from the impactor
resuspension should be studied more in the future.
Especially, different approaches to study the triboelec-
tric charging during resuspension and practical resus-
pension experiments are required.

The interaction between fungal spores and surfaces is
of great interest in indoor air. As relatively large micron-

sized particles, they are constantly depositing on different
surfaces and easily resuspended because of various activi-
ties or ventilation. In ventilation and filtration systems,
they may collide with walls or fibers. In order to charac-
terize the dynamics of fungal spores and predict the con-
centrations at different locations, it is important to know
their charging state after resuspension or rebound.
According to this study, the fungal spores bounce with
impact velocities higher than 0.57 m/s. The charging state
of particles after rebound is dependent on the material
pair. This study provides an extensive dataset of charge
transfer parameters for different fungal spores and refer-
ence particle materials on different surfaces relevant for
indoor environments. With these parameters, it is also
possible to estimate the charging state of fungal spores
after resuspension and form quantified triboelectric
series. Fungal spores can be charged both positively and
negatively during rebound and resuspension. The abso-
lute values of the net charge measured after rebound or
resuspension were mainly in the order of 100 elementary
charges per particle. That is almost as high as the charges
typically obtained with a corona charger. Thus, the
charging state can maintain hours in indoor air and affect
the deposition, filtration, and sampling of fungal spores.
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