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Introduction

Dear Reader

For more than a decade I have had the idea of
producing this book. This is why I accepted a corre-
sponding offer from the Publisher with great pleasure.
My frequent teaching and research related trips to
various countries allowed me to meet many col-
leagues who, similarly to me, have originated from
Eastern European countries and inherited glorious
traditions of the Russian school of aerosol science es-
tablished by Prof Nikolai A. Fuchs and Academician

Igor V. Petryanov in the first half of the last century. Some of my colleagues still
work in their countries of origin, whilst others, due to various reasons, have moved
to other places and currently work at leading research, industrial and educational
organisations around the world. I am very grateful to all contributors who shared
my idea about this book and accepted my invitation to participate in this project,
which presents a collection of fourteen invited Chapters produced by scientists
representing various institutions of six countries – Australia, Finland, Germany,
Hungary, Russia, and the USA.

This book was not planned to be an encyclopaedia type project comprehensively
covering all aspects of aerosol science and technology. In contrast, I requested all
contributors to focus on aspects not commonly discussed in classic aerosol books.
Of course, this issue does not exclude some coverage of traditional concepts and
theories widely used in the field. In addition, a significant amount of information
provided in this book has never been published in English before and is not known
by Western readers.

The book consists of 14 Chapters divided into four sections; Aerosol Formation,
Aerosol Measurements and Characterisation, Aerosol Removal, and Atmospheric
and Biological Aerosols.

Chapter 1 (Aerosol Fundamentals) is written by Prof Alexey A. Lushnikov (Karpov
Institute of Physical Chemistry, Moscow, Russia – University of Helsinki, Finland)
who inherited Headship of the Laboratory of Physics of Aerodisperse Systems at
Karpov Institute of Physical Chemistry, Moscow, Russia directly from Prof Fuchs.

Aerosols – Science and Technology. Edited by Igor Agranovski
Copyright  2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32660-0
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He is laureate of prestigious Fuchs Memorial Award (2002) and Christian Junge
Award (2007). The chapter summarizes all important theoretical and practical
issues widely used by aerosol scientists and engineers. It contains information and
formulas describing aerosol behaviour in gas carriers and theoretical methods for
particle analysis.

Chapter 2 (High Temperature Aerosol Systems) is produced by Dr. Arkadi
Maisels (Evonik Degussa GmbH, Hanau, Germany). Amongst different sources
of aerosol particles, high temperature processes are very common in both nature
and industry. Therefore, understanding of aerosol formation and dynamics in high
temperature processes is of immense environmental and industrial importance. In
this chapter, an overview is provided of different high temperature aerosol reactors.
The properties of resulting particles are considered with respect to reactor design.
Besides the engineering of aerosol particles, main dynamic formation processes
are described.

Chapter 3 (Aerosol Synthesis and Properties of Carbon Nanotubes) is written by
Dr. Albert G. Nasibulin (Academy Research Fellow of Finnish Academy of Science
and a Docent at Helsinki University of Technology, Finland). The Chapter briefly
reviews the research in the field of Carbon Nanotubes (CNTs): discovery, properties
and applications. Special attention is devoted to the development of the synthesis
methods. Advantages of aerosol methods in the controlled production of CNTs for
both laboratory and industrial purposes are thoroughly reviewed.

Chapter 4 (Aerosol Nucleation, Evaporation and Condensation) is written by Prof
Alexey A. Lushnikov. Aerosol nucleation, evaporation and condensation processes
are of primary importance for the fate of any aerodisperse system. Starting with the
Boltzmann equation the equations for the rates of birth-growth-death processes
have been derived. The approximate solution of the kinetic equation describing the
time-spatial behaviour of the species moving toward the particle is matched with
the solution to the diffusion equation describing the concentration profile far away
from the particle. The matching distance is then found from the condition of the
absence of jumps of the first spatial derivatives of the concentration profile. This
approach allows one to find the efficiencies of the mass-charge transfer from (to)
the particle.

Chapter 5 (Combustion-Derived Carbonaceous Aerosols (Soot) in the Atmo-
sphere: Water Interaction and Climate Effects) is written by Dr Olga B. Popovicheva
(Moscow State University, Russia). This Chapter presents a comprehensive analysis
of water interaction with various transport engine-generated and laboratory-made
combustion particles at atmospheric conditions. Gravimetrical measurements of
water uptake coupled with chemical composition and porosity analysis clarifies the
mechanism of water interaction with aircraft engine soot, ship exhaust residuals,
and different fuel burning particles for wide range of relative humidites up to
the condensation regime. Systematic analysis demonstrates two mechanisms of
water/soot interaction, namely the bulk dissolution into soot water soluble coverage
(absorption mechanism) and the water molecule adsorption on surface active sites
(adsorption mechanism).
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Chapter 6 (Radioactive Aerosols – Chernobyl Nuclear Power Plant Case Study) is
written by Prof Boris I. Ogorodnikov (Principle Research Fellow at Karpov Institute
of Physical Chemistry, Moscow, Russia). Since year 1985, Prof Ogorodnikov has
spent a significant amount of time studying the Chernobyl disaster and following
aerosol related contamination of the environment. The concentration dynamics
and size distribution of radioactive aerosols over the 23 year period after the disaster
are presented. Sampling methods and instruments are discussed.

Chapter 7 (Optical Properties of Aerosols) is written by Dr Aladár Czitrovszky
(Research Institute for Solid State Physics and Optics, Budapest, Hungary). In
this Chapter, the following issues are described: optical properties of aerosols;
light scattering, absorption and extinction of aerosols; methods of measurement
of the optical parameters; application of the new measurement methods for
determination of the complex refractive index, concentration, size distribution,
etc.; new instruments for study of atmospheric pollution by aerosols.

Chapter 8 (Inverse Problem and Aerosol Measurements) is presented by Dr Valery
A. Zagaynov (Deputy Head of the Laboratory of Physics of Aerodisperse Systems,
Karpov Institute of Physical Chemistry, Moscow, Russia. Dr Zagaynov was the last
PhD student supervised by Prof Fuchs). One of the main tasks of aerosol science
and technology is representative determination of particle size distribution. At the
same time, this problem is very acute and ambiguous to solve. There are two
obstacles in resolving this problem. First of all, any monitoring equipment has
defined sensitivity, which could leave substantial particle quantity not registrant.
The concentration of such particles may be even greater, than the concentration
of counted aerosols. Secondly, some uncertainty is related to an inverse problem.
In this Chapter, the instrumentation along with theoretical approach to attack the
problem is discussed.

Chapter 9 (History of Development and Present State of Polymeric Fine-Fiber
Unwoven Petryanov Filter Materials for Aerosol Entrapment) is written by Prof
Bogdan F. Sadovsky (Karpov Institute of Physical Chemistry, Moscow, Russia).
This Chapter provides some historical and modern aspects of the development of
filter materials, traded as ‘‘Petryanov’s Filters’’, by electrospinning process over the
last few decades in the Soviet Union and Russian Federation. The main parameters
of these materials along with their applications are discussed in the Chapter.

Chapter 10 (Deposition of Aerosol Nanoparticles in Model Fibrous Filters)
is written by Dr Vasily Kirsh (Frumkin Institute of Physical Chemistry and
Electrochemistry, Moscow, Russia) and Prof Alexander Kirsh (Russian Research
Center ‘‘Kurchatov Institute’’, Moscow, Russia). Prof Kirsh was one of the main
co-workers of Prof Fuchs. The Chapter discusses mechanisms of deposition of
aerosol nanoparticles in model fibrous filters at low Reynolds numbers and a wide
range of Peclet numbers. The deposition of nanoparticles in model filters with
ultra-fine fibers, with fibers with elliptical, strip-like, porous and composite fibers,
and in model filters with non-regular arrangement of fibers is considered. The
deposition of nanoparticles on the square screens from the three-dimensional flow
is calculated. The validity of the formulas used for the estimation of the coefficient of
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diffusion of nanoparticles from the measured penetration of nanoparticles through
screen diffusion batteries is discussed.

Chapter 11 (Filtration of Liquid and Solid Aerosols on Liquid-Coated Filters) is
written by Prof Agranovski (Griffith University, Brisbane, Australia). The Chapter
discusses theoretical and practical aspects of the removal of particles of mineral
and biological nature on liquid irrigated filters. Special attention is given to
consideration of the filters’ regeneration mechanisms for industrial applications.
In addition, utilization of irrigated filters for bioaerosol monitoring and control
applications is discussed.

Chapter 12 (Atmospheric Aerosols) is written by Prof Lev S. Ivlev (St. Petersburg
State University, Russia). This chapter is devoted to atmospheric aerosols. It
provides detail overview of formation of soil, marine and volcanic aerosols and
their global transportation at different elevations in atmosphere. A significant
amount of the results presented in this Chapter were obtained by monitoring
stations located across Former Soviet Union Republics and Eastern European
Countries.

Chapter 13 (Biological Aerosols) is presented by Prof Sergey A. Grinshpun
(Professor of Environmental Health and Director of the Center for Health-Related
Aerosol Studies, University of Cincinnati, USA). The chapter is devoted to the
particles of biological origin, including viruses, bacteria, fungi, pollen as well as
their products, fragments and aggregates. Physical and biological characteristics
of these particles are discussed, as well as the aerosolization, sampling, analysis
and filtration of bioaerosol particles. Additionally, respiratory protection and air
purification techniques related to the bioaerosol exposure reduction are reviewed.

Chapter 14 (Atmospheric Bioaerosols) is written by Dr Alex S. Safatov (Aerobi-
ology Laboratory, FSRI SRC VB ‘‘Vector’’, Koltsovo, Novosibirsk region, Russia)
and his colleagues. The chapter is devoted to the results of ten-year study of
the biogenic components of tropospheric aerosol at the altitudes of up to 7000
meters and comparison of the results obtained at various regions of the planet.
The most important bioaerosol components are the total protein as an indicator of
all substances of biological origin and culturable microorganisms as a component,
which is the most harmful to humans and animals. The ten-year dynamics of the
above concentrations, their variations and altitude profiles will be presented. The
properties of the observed bioaerosol, its possible sources and potential influence
on human health are discussed.

I hope that the aerosol community will find the information presented in this
book to be both useful and interesting. Happy reading!

April 2010 Igor E. Agranovski, Ph.D., Professor
Griffith School of Engineering
Griffith University, Brisbane

Australia
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1
Introduction to Aerosols
Alexey A. Lushnikov

1.1
Introduction

Aerosol science studies the properties of particles suspended in air or other gases,
or even in vacuum, and the behavior of collections of such particles. A collection
of aerosol particles is referred to as an aerosol, although the particles may be
suspended in some other gaseous medium, not just air. The term cosmosol is used
for a collection of particles suspended in vacuum. Although attempts to give a
strict definition of aerosol have appeared from time to time, to date no commonly
acceptable and concise definition of an aerosol exists. In my opinion, it is better not
to make any attempts in this direction, especially because intuitively it is clear what
an aerosol is. For example, it is clear that birds or airplanes are not aerosol particles.
On the other hand, smoke from cigarettes, fumes from chimneys, dust raised by
the wind, and so on, are aerosols. Hence, there are some essential features that
allow us to distinguish between aerosols and other objects suspended in the gas
phase. There are at least two such features: (i) aerosol particles can exist beyond the
aerosol for a sufficiently long time; and (ii) an aerosol can be described in terms
of the concentration of aerosol particles, or, better, the concentration field. From
this point of view, it is clear why birds are not aerosols. Interestingly, clouds are
also not aerosols! Of course, we can introduce the concentration of cloud droplets.
But if we isolate a cloud particle, it will immediately evaporate. The cloud creates
a specially designed environment inside it – the humidity and the temperature
fields – the conditions in which a water droplet does not evaporate during a long
time.

Aerosols are divided into two classes, namely primary aerosols and secondary
aerosols, according to the mechanisms of their origination. Primary aerosol particles
result, for example, from fragmentation processes or combustion, and appear in the
carrier gas as already well-shaped objects. Of course, their shape can change because
of a number of physico-chemical processes such as humidification, gas–particle
reactions, coagulation, and so on. Secondary aerosol particles appear in the carrier
gas from ‘‘nothing’’ as a result of gas-to-particle conversion. For example, such
aerosols regularly form in the Earth’s atmosphere and play a key role in a number
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of global processes such as the formation of clouds. They serve as the centers
for heterogeneous nucleation of water vapor. No aerosols – no clouds! One can
imagine how our planet would look without secondary aerosol particles.

Primary and secondary aerosols are characterized by the size, shape, and chemical
content of the aerosol particles. As for the shape, one normally assumes that the
particles are spheres. Of course, this assumption is an idealization necessary
for simplification of the mathematical problems related to the behavior of aerosol
particles. There are very many aerosols comprising irregularly shaped particles. The
non-sphericity of particles creates many problems. There exist also agglomerates
of particles, which in some cases reveal fractal properties. We shall return to the
methods for their description later on.

There are a number of classifications of particles with respect to their size. For
example, if the particles are much smaller than the molecular mean free path, they
are referred to as ‘‘fine’’ particles. This size range stretches from 1 to 10 nm under
normal conditions. But from the point of view of aerosol optics, these particles are
not small if the wavelength of the incident light is comparable with their size. This
is the reason why such very convenient and commonly accepted classifications
cannot compete with natural classifications based on the comparison of the particle
size with a characteristic size that comes up each time when one solves a concrete
physical problem.

1.2
Aerosol Phenomenology

1.2.1
Basic Dimensionless Criteria

It is convenient to characterize aerosols by dimensionless criteria. The most
commonly used in the area of aerosol science are listed below. Each of these criteria
contains the particle size a. In what follows we consider spherical particles of
radius a.

1.2.1.1 Reynolds Number
The Reynolds number Re is introduced as follows:

Re = ua

ν
(1.1)

Here ν is the kinematic viscosity of the carrier gas and u is the particle velocity with
respect to the carrier gas. Small and large Re correspond to laminar or turbulent
motion of the particle, respectively.

1.2.1.2 Stokes Number
The Stokes number Stk characterizes the role of inertial effects:

Stk = 2a2u

9νL
(1.2)



1.2 Aerosol Phenomenology 3

Here L is the characteristic length of the flow. The Stokes number Stk is seen to
increase on increasing the particle size.

1.2.1.3 Knudsen Number
The Knudsen number Kn characterizes the discreteness of the carrier gas:

Kn = l

a
(1.3)

Here l is the mean free path of the molecules of the carrier gas,

l = 1√
2 σ 2N

(1.4)

σ is the size of a carrier gas molecule, and N is the molecular number concentration.
If a foreign molecule moves toward the aerosol particle, then Kn can be expressed
in terms of the molecular diffusivity D,

Kn = 2D

vT a
(1.5)

where

vT =
√

8kT

πm
(1.6)

is the molecular thermal velocity, m is the mass of the foreign molecule, k is the
Boltzmann constant, and T is the absolute temperature (K).

1.2.1.4 Peclet Number
The Peclet number Pe defines the regimes of energy transfer from particles to the
carrier gas. It is introduced similarly to Kn (Eq. (1.7)):

Pe = 2�

vTa
(1.7)

Here � is the thermal conductivity of the carrier gas.

1.2.1.5 Mie Number
The Mie number given by the dimensionless group

Mie = 2πλ

a
defines the optical properties of the particle. Here λ is the wavelength of the
incident light.

1.2.1.6 Coulomb Number
The Coulomb number Cu given by

Cu = lC
a

= Ze2

akT
(1.8)

is important in the processes of particle charging. Here e is the elementary charge,
Z is the total particle charge in units of e, and

lC = Ze2

kT
(1.9)
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is the Coulomb length. This is the distance at which the influence of the Coulomb
forces cannot be ignored.

1.2.2
Particle Size Distributions

Particle size distributions play a central role in the physics and chemistry of
aerosols, although direct observation of the distributions are possible only in
principle. Practically, what we really measure is just the response of an instrument
to a given particle size distribution,

P(x) =
∫

R(x, a)f (a) da (1.10)

Here f (a) is the particle size distribution (normally a is the particle radius), P(x) is
the reading of the instrument measuring the property of aerosol x, and R(x, a) is
referred to as the linear response function of the instrument. For example, P(x) can
be the optical signal from an aerosol particle in the sensitive volume of an optical
particle counter, the penetration of the aerosol through the diffusion battery (in
this case x is the length of the battery), or something else. The function f (a) cannot
depend on the dimensional variable a alone. The particle size is measured in some
natural units as. In this case the distribution is a function of a/as and depends on
some other dimensionless parameters or groups. The particle size distribution is
normalized as follows:∫ ∞

0
f (a/as)

da

as
= 1 (1.11)

The length as is a parameter of the distribution. Although the aerosol particle size
distribution is such an elusive characteristic of the aerosol, it is still convenient to
introduce it because it unifies all the properties of aerosols.

In many cases the distribution function can be found theoretically by solving
dynamic equations governing the time evolution of the particle size distribution,
but the methods for analyzing these equations are not yet reliable, not to mention
the information on the coefficients entering them. This is the reason why the
phenomenological distributions are so widely spread.

There is a commonly accepted collection of particle size distributions, which
includes those outlined in the following subsections.

1.2.2.1 The Log-Normal Distribution
The log-normal distribution is given by

fL(a) = 1√
2π (a/as) ln σ

exp
[

− 1

2 ln2
σ

ln2
(

a

as

)]
(1.12)

Here a is the particle radius. This distribution depends on two parameters, as

and σ , where as is the characteristic particle radius and σ (σ > 1) is the width
of the distribution. Equation (1.12) is known as the log-normal distribution. It
is important to emphasize that it is not derived from theoretical considerations.
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Figure 1.1 The log-normal distributions
with σ = 1.5 (curve 1), 2.0 (curve 2), and
2.5 (curve 3). The parameter σ defines the
width of the distribution. The dimension-
less size is defined as a/as.

Rather, it was introduced by hand. The function fL(a) is shown in Figure 1.1 for
different σ .

1.2.2.2 Generalized Gamma Distribution
The generalized gamma distribution is given by

fG(a) =
(

a

as

)k j

�((k + 1)/j)
exp

[
−

(
a

as

)j]
(1.13)

Here �(x) is the Euler gamma function. The distribution fG depends on three
parameters, as, k, and j. Figure 1.2 displays the generalized gamma distribution for
three sets of its parameters.

Once the particle size distributions are known, it is easy to derive the distribution
over the values depending only on the particle size:

f (ψ0) =
∫

δ(ψ0 − ψ(a))f (a)
da

as
(1.14)

Here δ(x) is the Dirac delta function. For example, if we wish to derive the
distribution over the particle masses, then ψ(a) = (4πa3/3)ρ, where ρ is the
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(curve 1); k = 2, j = 1 (curve 2); and
k = 5, j = 2 (curve 3). These parameters
define the shape of the distribution. Again,
the dimensionless size is defined as a/as.
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density of the particle material. Of course, the properties of aerosols do not
depend solely on their size distributions. The shape of aerosol particles and their
composition are important factors.

The log-normal distribution often applies in approximate calculations of conden-
sation and coagulation. Two useful identities containing the integrals of a product
of log-normal distributions can be found in, for example, [1, 2]. A regular theory of
the log-normal distribution is expounded in the book [3].

1.3
Drag Force and Diffusivity

If the carrier gas moving with speed v flows past a spherical particle of radius a,
the drag force acting on it is

Fdrag = 1
2 CDπa2ρv2 (1.15)

where CD is the drag coefficient and ρ is the density of the carrier gas. The latter
depends on Re as follows:

CD = 12

Re
Re < 0.1

CD = 12

Re

(
1 + 3

8
Re + 9

40
ln Re

)
0.1 < Re < 2

CD = 12

Re
(1 + 0.15 Re0.687) 2 < Re < 500

CD = 0.44 500 < Re < 2 × 105

The particle mobility B is introduced as

v = BF (1.16)

When a particle of radius a moves in the carrier gas, the latter resists particle
motion. The force acting on the particle is proportional to a in the limit of small
flow velocity Re � 1 and Kn (continuum regime),

F = 6πρνav (1.17)

where ρ is the gas density and ν is the kinematic viscosity. Equation (1.17) is the
Stokes equation.

In the transition regime, Eq. (1.17) should be corrected to

F = 6πνva

Cc
(1.18)

with Cc being the Millikan correction factor,

Cc = 1 + Kn
[

1.257 + 0.4 exp
(

− 1.1
Kn

)]
(1.19)
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The diffusivity D is connected with the mobility B by the Einstein–Smoluchowski
formula

D = kTB (1.20)

The diffusivity is then

D = kT

6πaνρ
C(a) (1.21)

where C(a) is the correction factor. We can use C(a) = Cc or C(a) found [4]
theoretically,

C(a) = 15 + 12c1Kn + 9(c2
1 + 1)Kn2 + 18c2(c2

1 + 2)Kn3

15 − 3c1Kn + c2(8 + πσ )(c2
1 + 2)Kn2 (1.22)

with

c1 = 2 − σ

σ
, c2 = 1

2 − σ

and σ < 1 being a factor entering the slip boundary conditions. The Knudsen
number is Kn = λ/a, with λ being the mean free path of the carrier gas molecules
(λ = 65 nm for air at ambient conditions). The parameter σ changes within the
range 0.79–1.0. Equation (1.22) describes the transition correction for all Knudsen
numbers and gives the correct limiting values (continuum and free-molecule ones).
In what follows we put σ = 1. The correction factors of Eqs. (1.19) and (1.22) are
plotted as functions of Kn in Figure 1.3.

All the above formulas are more thoroughly discussed in aerosol textbooks, except
Eq. (1.22). This formula was derived from a 13-moment approximate solution of the
Boltzmann equation by Phillips in [4]. It is remarkable that the results of Millikan
and Phillips almost coincide.

1.4
Diffusion Charging of Aerosol Particles

At first sight the process of particle charging looks similar to particle condensation:
an ion moving in the carrier gas approaches the particle and sticks to it. However,
the difference between these two processes (condensation and charging) is quite
significant. Even in the case when the ion interacts with a neutral particle, one
cannot ignore the influence of the image forces. As was explained at the very
beginning of this chapter, the motion of the ion is defined by two parameters:
Kn = 2D/vTa (the Knudsen number) and Cu = Ze2/akT (the Coulomb number).
Next, in most practical cases Cu > Kn. For example, at ambient conditions and
Z = 1, the Coulomb length lC = e2/kT = 0.06 µm. This value is comparable with
the mean free path of molecules in air (l = 0.065 µm), which means that the
free-molecule regime of particle charging demands some special conditions and
can be realized, for example, in the ionosphere.
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1.4.1
Flux Matching Exactly

The steady-state ion flux J(a) onto the particle of radius a can be written as

J(a) = α(a)n∞ (1.23)

that is, the flux is proportional to the ion density n∞ far away from the particle. The
proportionality coefficient α(a) is known as the charging efficiency. The problem is
to find α(a).

Once again, a dimensional consideration shows that α(a) is a function of two
dimensionless groups, Kn = l/a and Cu = Ze2/akT ,

α(a) = πa2vTF(l/a, Ze2/akT) (1.24)

We can generalize Eq. (1.23) as follows:

J(a, R, nR) = α(a, R)nR (1.25)

where nR is the ion concentration at a distance R from the particle center. It is
important to emphasize that nR is (still) an arbitrary value introduced as a boundary
condition at the distance R (also arbitrary) to a kinetic equation that is necessary to
solve for defining α(a, R).

The flux defined by Eq. (1.23) is thus

J(a) = J(a, ∞, n∞) and α(a) = α(a, ∞) (1.26)

The value of α(a, R) does not depend on nR because of the linearity of the problem.
Let us assume that we know the exact ion concentration profile nexact(r) corre-

sponding to the flux J(a) from infinity (see Eq. (1.23)). Then, using Eq. (1.25) we
can express J(a) in terms of nexact as follows:

J(a) = J(a, R, nexact(R)) = α(a, R)nexact(R) (1.27)

Now let us choose R sufficiently large for the diffusion approximation to reproduce
the exact ion concentration profile,

nexact(R) = n( J(a))(R) (1.28)

with n( J)(r) being the steady-state ion concentration profile corresponding to a given
total ion flux J. The steady-state density of the ion flux j(r) is the sum of two terms,

j(r) = −D
dn( J)(r)

dr
− B

dU(r)

dr
n( J)(r) (1.29)

where D is the ion diffusivity, U(r) is a potential (here the ion–particle interaction),
and B is the ion mobility. According to the Einstein relation, kTB = D. On the other
hand, the ion flux density is expressed in terms of the total ion flux as follows:
j(r) = −J/4πr2, with J > 0. Equation (1.29) can be now rewritten as

e−βU(r) d

dr
[n( J)(r) eβU(r)] = J

4πDr2
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where β = 1/kT . The solution to this equation is

n( J)(r) = e−βU(r)

(
n∞ − J

4πD

∫ ∞

r
eβU(r′) dr′

r′2

)
(1.30)

On substituting Eqs. (1.28) and (1.30) into Eq. (1.27), one obtains the equation
J(a) = α(a, R)n( J)(R) or

J(a) = α(a, R)e−βU(R)

(
n∞ − J(a)

4πD

∫ ∞

R
eβU(r′) dr′

r′2

)
(1.31)

We can solve this equation with respect to J(a) and find α(a):

α(a) = α(a, R)e−βU(R)

1 + [α(a, R)e−βU(R)/4πD]
∫ ∞

R
eβU(r′)dr′/r′2

(1.32)

Equation (1.32) is exact if R � l. We, however, know neither α(a, R) nor R.

1.4.2
Flux Matching Approximately

Current knowledge does not allow us to find α(a, R) exactly. We thus call upon two
approximations:

1) We approximate α(a, R) by its free-molecule expression,

α(a, R) ≈ αfm(a, R) (1.33)

2) We define R from the condition

drnfm(r)|r=R = drn
( J(a))(r)|r=R (1.34)

where nfm(r) is the ion concentration profile found in the free-molecule regime
for a < r < R. The distance R separates the zones of the free-molecule and the
continuum regimes.

All currently used approximations for α can be derived from Eq. (1.32).

1.4.3
Charging of a Neutral Particle

In this case the ion–particle interaction is described by the potential of image
forces,

U(r) = − e2

2a

a4

r2(r2 − a2)
(1.35)

This expression for U(r) is valid for metallic particles. The case of dielectric spheres
is much more complicated, and we do not analyze it – however, see [5]. As is seen
from Eq. (1.35) the image forces are singular at the particle surface. Nevertheless, it
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Figure 1.3 When an ion approaches a neu-
tral particle, the image forces strongly en-
hance the efficiency of ion capture. The cor-
rection factors for the free-molecule efficiency
versus dimensionless particle size avT/D is

shown here. It is seen that at large sizes the
correction factor approaches unity. Curves
1–3 correspond to Coulomb numbers:
Cu = 1, 3, and 5, respectively.

is possible to find the expression for the charging efficiency following the method
of [6]. The final result has the form

α(a) = 2πa2vTz(a)

1 + √
1 + [avT z(a)/2Dζ 2]2

(1.36)

where

z(a) = 1 +
√

πe2

2akT
(1.37)

and

ζ 2 = 1 +
√

2e2

πakT
(1.38)

Figure 1.3 shows the influence of the Coulomb number (see Eq. (1.8)) on the
particle charging efficiency.

1.4.4
Recombination

Let us consider the situation when an ion carrying Zi elementary charges ap-
proaches a particle of radius a carrying Zp charges of opposite polarity. In this case
Eq. (1.32) allows one to find the expression for the recombination efficiency in the con-
tinuum limit. We restrict our analysis to the case of non-singular Coulomb forces.
Then we can approximate R ≈ a, ignore unity in the denominator of Eq. (1.32),
and come to the well-known Langevin formula,

α(a) = 4πDlC
1 − exp(−lC/a)

(1.39)
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where lC = ZiZpe2/kT . In the limit of very small particles, the recombination
efficiency is independent of particle size.

There are some difficulties in the case of smaller particles and image potential.
This section is based on the work by Lushnikov and Kulmala [6]. There exists

an extensive literature on particle charging. Many authors addressed their efforts
to deriving expressions for the charging efficiencies of an aerosol particle by ions.
There are no problems in resolving this problem for the continuum limit, where
the ion transport is described by the diffusion equation [7–9].

In the free-molecule regime the charging efficiency can be easily found
only when the ion–particle interaction is described by the Coulomb potential
alone. Attempts to take into account the image forces make the analysis much
more difficult. Especially, this concerns the dielectric particles, in which case
the ion–particle interaction is described by an infinite and slowly convergent
series [10].

The first successful attempt to apply the free-molecule approximation for cal-
culating the charging efficiencies of small aerosol particles was undertaken by
Natanson [11, 12]. Since then, this problem has been considered by many
authors [13–19]. None of these works could avoid the difficulty related to
the very inconvenient expression for the ion–dielectric particle potential. The
latter has been replaced by the ion–metal particle potential modified by the
multiplier (ε − 1)/(ε + 1), with ε being the dielectric permeability of the particle
material.

Attempts to consider the transition regime using as the zero approximation
the solution of the collisionless kinetic equation have been made [18–20] and
very recently by us [6, 21]. The analysis of these authors clearly demonstrated
the significance of the ion–carrier gas interaction in calculating the ion–particle
recombination efficiency. The point is that the ion can be captured by the charged
particle from bound states with negative energies. This effect has been considered
in [20] by taking into account a single ion–molecule collision in the Coulomb field
created by the charged particle. A new version of flux matching theory [11, 12,
22] has been applied by us [6] to take this effect into account explicitly. Results of
experiments on particle charging can be found in [23–28].

1.5
Fractal Aggregates

It is now well established that fractal aggregates (FAs) appear in numerous natural
and anthropogenic processes. Their role in the atmosphere may be immense,
for FAs possess anomalous physico-chemical, mechanical, and optical properties,
making them extremely effective atmospheric agents.

The main goal of this section is to overview the mechanisms of FA formation
and their properties, and to discuss the sources and sinks of atmospheric FAs and
their possible contribution to intra-atmospheric processes.
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1.5.1
Introduction

The presence of aggregated structures in the atmosphere was detected very long
ago: forest fires and volcanic eruptions are well known to produce tremendous
amounts of ash and other aggregated particles. Many authors have attempted to
estimate the role of the latter in the formation of the Earth’s climate. Transport and
industrial aerosol exhausts also often contain a considerable amount of aggregated
particulate matter, not to mention such intense anthropogenic sources like oil and
gas fires. Specialists on the ‘‘Nuclear Winter’’ did not push this problem to one side
either.

Irregularly shaped particles have been studied for many years, but until fairly
recently there was no unique and effective key idea for their characterization
that would reflect the common origin of irregular aggregates or would allow the
explanation of their physico-chemical behavior from a unique position.

Therefore, the fractal ideas introduced into physics (and other natural sciences)
by Mandelbrot [29] immediately attracted the attention of aerosol scientists, who ap-
plied them for the characterization of atmospheric and laboratory-made aggregated
aerosol particles.

So the fractal concept quickly found its way into the study of atmospheric
aerosols. The success in its application to aerosols gave rise to a splash of fractal
activity at the end of the 1980s and the beginning of the 1990s. The main
efforts were directed at recording FAs in the atmosphere, attempting to define
their fractal dimension, and returning the physics of FAs to the realm of the
former and habitual ideas such as aerodynamic diameter, mobility, coagulation
efficiency, and so on. Although the successes along this route were doubtless –
even the optical properties of Titan’s hazes were explained by assuming that
they consist of FAs – the slight coolness that came later resulted, perhaps,
from the impression that there is almost nothing to investigate any further. Of
course, this is not so: the newly discovered physical and chemical properties
of aggregated particles are pertinent to bear in mind in considering aerosol
processes.

This section focuses on the properties of self-similar or, better, scaling-invariant
aggregates – so-called fractals or fractal aggregates – whose structure is repeated
within a considerable range of spatial scales (from tens of nanometers up to
fractions of a centimeter or even more). This very kind of order stipulates many
unusual properties of FAs.

The books edited by Avnir [30] and by Pietronero and Tosatti [31] contain
sufficiently full information on the directions of the development of fractal physics
and chemistry. The interested reader can find a regular account of fractal ideas
in the book of Feder [32]. Colbeck et al. [33] reviewed the fractal concept and its
application to environmental aerosols. The fairly recent textbook by Friedlander
[34] also contains a chapter on fractals.
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1.5.2
Phenomenology of Fractals

A typical FA consists of small spherules with diameters of several tens of nanome-
ters united in an aggregate of size on the order of micrometers. It is important to
stress that the sizes of the spherules are much less than the characteristic parame-
ters in the atmosphere, such as the mean free path of molecules or the characteristic
wavelength of solar radiation, whereas the total aggregate sizes are either compa-
rable with these parameters or even exceed them. It is also not surprising that the
main attention in studying the atmospheric FAs has been on soot aggregates.

In this section the main concepts characterizing FA are introduced.

1) Mass of FA. Any FA is characterized by its total mass M, which can also be
measured in units of a spherule mass or, better, by the number g of spherules
comprising the FA.

2) Size of FA. It is natural to introduce the gyration radius of an FA as

R2 = 1
g(g − 1)

∑
i�=j

(ri − rj)2 (1.40)

where ri is the position of the ith spherule. The maximal size of an FA can also
be of use:

dmax = max|ri − rj| (1.41)

1.5.2.1 Fractal Dimension
Not every irregular aggregate is a fractal. The main point of the definition of an FA
is the self-similarity at every scale, which eventually leads to rather odd ramified
structures of FAs whose local mass distribution cannot be so easily measured.

The most straightforward way to measure D is to follow its definition. Let the
FA (or other fractal object) be covered with boxes whose size ε goes to zero. If the
number N of boxes filled with the elements of the FA grows as N −→ ε−D, then D
is identified with the fractal dimension of the FA.

The simplest and yet still non-trivial example of the application of the fractal
concept to real objects is the measurement of the length of a diffusion trajectory.
The diffusion displacement is given by � = √

2Dt�. If we represent � as the
sum of smaller and smaller diffusion displacements ε = √

2Dtε , then we find that
the number N(ε) of the ε displacements necessary to cover the diffusion route is
N(ε) = t�/tε ∝ ε−2. The fractal dimension of the diffusion trajectory is thus D = 2.

FAs are very loose objects. Their fractal dimension D characterizes the part of
space occupied by FA matter. This means that the mass of an FA grows with its
gyration radius R more slowly than R3: M ∝ RD, where D < 3. Such a dependence
assumes that the FA density ρ(r) changes with distance r from its center as

ρ(r) ∝ ρ0

(
r0

r

)3−D

(1.42)
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at r < R and as ρ(r) = 0 otherwise. Here ρ0 is the density of the spherule and r0 is
its radius. Equation (1.42) provides the RD dependence of the FA mass to hold:

g = kD

(
R

r0

)D

(1.43)

where kD is the fractal prefactor

1.5.2.2 Correlation Function
The density–density correlation function also drops as a power of distance r:

C(r) =
〈∑

i

m(ri)m(ri + r)
〉

∝ r−(3−D) (1.44)

where m(r) is the density at the point r, the sum goes over all centers of spherules,
and the angle brackets stand for averaging over all possible spatial configurations
of the spherules.

1.5.2.3 Distribution of Voids
FAs thus mainly consist of ‘‘empty space’’ distributed among voids whose size
spectrum is of great importance for the characterization of FAs. This spectrum
normalized to unity has the form

n(a) = 3 − D

R3−D
a2−D (1.45)

One immediately sees that the total volume occupied by the voids is exactly
4πR3/3 once the shape factor γ defining the dependence of the average volume
V(a) of a void on its characteristic size a is given as γ = 4π (6 − D)/3(3 − D)
(V = γ a3).

1.5.2.4 Phenomenology of Atmospheric FA
Measurements of D of atmospheric FAs have shown the following:

1) Atmospheric FAs (mainly soot aggregates) are not well-developed fractal struc-
tures whose fractal dimensionality varies within the range 1.3–1.9, indicating
that these FAs are of coagulation origin.

2) Such low fractal dimensions are explained by non-isotropy of observed FAs,
which are mostly aligned in one direction. This anisotropy probably arises due
to Coulomb or dipole–dipole interaction of FAs.

3) The fractal prefactor (Eq. (1.43)) for soot particles is kD ≈ 27.46 at D = 1.75.
4) The structure of atmospheric (soot) fractals may change by condensation–evap-

oration cycles: the loose FAs become more dense (D grows by 10–15%).

Katrinak et al. [35] analyzed urban aggregates within the size range 0.21–2.61
µm and found that D varies from 1.35 to 1.38. The maximal value of D found
in [36] for diesel exhausts was D = 1.2, that is, their particles were strongly
aligned. Considerable attention has been given by others [37–41] to the process of
the transformation of FAs in a humid atmosphere. The chemical methods were
applied by Eltekova et al. [42] for determining the D of soot FAs. The value of the
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fractal prefactor was discussed by Nyeki and Colbeck [43], who showed that kf is
close to 1.

1.5.3
Possible Sources of Fractal Particles

The sources of FAs are subdivided into two groups: natural and anthropogenic
ones.

1.5.3.1 Natural Sources

Volcanos Volcanic eruptions produce a lot of volcanic ash, consisting of aggregated
oxide particles of the size from fractions of a micrometer up to millimeters. In
addition, extreme volcanic conditions produce a lot of smaller aggregates.

Forest fires These produce a huge amount of ash flakes whose sizes vary from
fractions of a micrometer up to centimeters. Smaller aggregated particles accom-
pany the combustion process (aggregated carbon plus hydrocarbon particles or,
better, soot). The chemical content of the ash flakes is known: they consist of the
mineral residue of the combustion process, resins, hydrocarbons, and the products
of their chemical interaction with atmospheric air.

Thunderstorms High-energy lightning processes are able to release carbon from
carbon-containing molecules and thus to produce small (nanometer-sized) charged
carbon particles (maybe in the fullerene form), which then aggregate, forming FAs
and even aerogels.

Intra-atmospheric chemical processes Intra-atmospheric chemical and photo-
chemical processes are able to produce substances of low volatility that may
then solidify into nanoparticles. On colliding, these objects form fractal structures.

1.5.3.2 Anthropogenic Sources

Industrial exhausts These produce a lot of smoke particles, FAs among them.
The chemical content of these aggregates corresponds to the average content of
the smoke. Unfortunately, what share of these particles is aggregated is not yet
established.

Transport exhausts Transport produces aggregated aerosol particles consisting
of nanometric soot particles. The sizes of these aggregates rarely exceed a
micrometer.

Gas–oil fires Such fires produce aggregated soot particles (black smokes) consist-
ing of nanometric units that reach sizes on the order of fractions of a centimeter.

There are many other less substantial sources of fractal aggregates.
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1.5.4
Formation of Fractal Aggregates

One of the most important branches of fractal science is the study of the growth
kinetics of fractal objects. There exist two commonly accepted approaches to this
problem.

1) The first is the direct modeling of the growth process. The elements of fractal
construction (spherules or fractal fragments) are assumed to move on a lattice,
collide, stick together, and finally form a fractal structure. The whole process
is modeled by computer from the very beginning up to the end. This approach
allows one to investigate the structure of a single fractal aggregate, and to
define its fractal dimension and other individual characteristics. In particular,
it was shown that the fractal dimension D is totally stipulated by the type of
growth process: namely, coagulation leads to the most loose structure, with
D ≈ 1.8; diffusion-controlled condensation gives more dense particles, with
D ≈ 2; and the collision-limited condensation process (low-efficiency collisions
do not permit the spherule to join to the aggregate immediately after the first
collision) produces the most dense FAs, with D ≈ 2.4.

2) The growth process is considered within a kinetic scheme describing the time
evolution of fractal mass spectra irrespective of the details of the motion of
the fractal fragments, the latter being included via kinetic coefficients whose
mass dependence alone defines the characteristic features of the mass spectra.
In contrast to direct modeling, this approach accounts for the collective
characteristics, first and foremost the mass distribution of growing fractal
aggregates.

Below, the second (kinetic) approach – more traditional for aerosol physics – is
used for studying the time evolution of the mass distribution of a collection of FAs
growing by condensation and coagulation. The collective is assumed to consist of
aggregates whose fractal dimension D does not change during the growth process.
The initial stage of FA formation assumes the formation of monomers (spherules).
We do not discuss this process, since it does not contain anything specific to fractal
physics.

1.5.4.1 Growth by Condensation
The latter includes the joining of monomeric units (spherules or monomers) of
unit mass by one, with the condensation coefficients αg being known functions of
the fractal aggregate mass g.

It is not very difficult to see that the condensation coefficients αg should be
proportional to the total number of spherules in the FA in the free-molecule limit,
and to the FA size in the continuum regime. Indeed, an FA has a loose structure
and the incident spherule readily reaches any point inside the FA where it can
be captured, unless the collisions with the molecules of the carrier gas make the
incident spherule trajectory very long and ‘‘knotty.’’ In this latter case the FA
becomes a ‘‘black absorber,’’ that is, the incident spherule randomly walks inside
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the FA for long enough to be absorbed even if the absorption efficiency is not very
high, and the average density of matter inside the FA is negligibly low. Hence

αg = α0g (1.46)

in the free-molecule regime, and

αg = ADnr0g1/D (1.47)

in the opposite limit (the continuum regime).
The physical meaning of the constants entering Eqs. (1.46) and (1.47) is apparent:

α0 (Eq. (1.46)) is the rate of capture of an incident spherule by a vacancy incorporated
into the FA. The right-hand side of Eq. (1.47) repeats the expression for the rate
of condensational growth of a sphere in the continuum regime, except that the
constant A is replaced by the usual coefficient 4π specific for spherical geometry.
Equation (1.47) thus describes the diffusion growth of an FA whose radius is
proportional to g1/D. The values of α0 and A cannot be found from theoretical
considerations and should be thus considered as fitting parameters.

1.5.4.2 Growth by Coagulation
Coagulation seems to be the most effective mechanism of FA growth. Sufficiently
large fractal aggregates grown by coagulation have rather low fractal dimensionality
D ≈ 1.8. The rate of the coagulation process depends on the form of the coagulation
kernel – the efficiency for two colliding particles to produce a new one whose mass
is equal to the sum of the masses of the particles. The coagulation kernel is the
collision cross-section multiplied by the relative velocity of the colliding fragments.
The easiest way to estimate the coagulation kernels is just to extend well-known
expressions for the coagulation kernels for the free-molecule, continuum or transi-
tion regimes by substituting R ∝ g1/D instead of R ∝ g1/3. So, one may expect that
the following collection of coagulation kernels governs the time evolution of mass
spectra of coagulating FAs:

• free-molecule regime

K(x, y) ∝ (x1/D + y1/D)2
√

x−1 + y−1 (1.48)

• continuum regime

K(x, y) ∝ (x1/D + y1/D)(x−1/D + y−1/D) (1.49)

• turbulent regime

K(x, y) ∝ (x1/D + y1/D)3 (1.50)

• coagulation of magnetic or electric dipoles

K(x, y) ∝ x1/Dy1/D (1.51)

• coagulating FA form linear chains

K(x, y) ∝ xy (1.52)
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Here x and y stand for the masses of the colliding particles. All the above kernels
are homogeneous functions of the variables x and y: K(ax, ay) = aλK(x, y). The
homogeneity exponent λ < 1 for the first two kernels, and may exceed unity
otherwise. The latter fact means that the aerosol–aerogel transition is possible in the
last three cases.

1.5.4.3 Aerosol–Aerogel Transition
This remarkable phenomenon consists of the formation of a macroscopic object
(or objects) from initially microscopic aerosol particles. Everyone has seen the
web-like structures or lengthy filaments suspended in the air or attached to the
walls of cleaning devices. Sometimes such objects spontaneously arise in the carrier
gas as a consequence of the coagulation process in cases when the coagulation
kernel grows sufficiently fast with the colliding particle masses (λ > 1). Aerosols
consisting of fractal aggregates are the most probable candidates to form aerogels
by coagulation.

Atmospheric aerogel objects may play a crucial role in the formation of ball
lightning. According to the model developed by Smirnov [44], ball lightning is a
plasma ball spanned on an aerogel framework. This aerogel framework may form
after a linear lightning strike, which is able to produce fractal aggregates by ablation
or directly from carbon-containing molecules in the air. Although the dynamics of
this process is not yet fully understood, the aerogel model was shown to be a useful
perspective for explanation of many properties of ball lightning.

A huge literature is devoted to computer modeling of FA formation. It is
summarized in the review article by Meakin [45]. The mass spectrum of a growing
FA meets the set of kinetic equations describing FA condensational growth. These
equations were analyzed and solved by Lushnikov and Kulmala [46].

Coagulation of fractals in the free-molecule regime was theoretically investigated
by Wu and Friedlander [47, 48], who found considerable broadening of the particle
mass spectra on decreasing the fractal dimensionality. Similar results were reported
by Vemury and Prastinis [49]. Wu et al. [50] proposed a method for definition of
D from the kinetics of coagulation. The interested reader will find a rather simple
introduction to fractal physics in the review by Smirnov [51], where considerable
attention is given to the kinetics of FA formation.

The coagulation in the system with the kernel K = xy was analyzed by Lushnikov
[52–58], who showed that a gel should form from coagulating sol after a finite
interval of time. Experimentally, this process was observed by Lushnikov et al. [59,
60], who supposed that the dipole–dipole interaction of FAs is responsible for this
phenomenon.

1.5.5
Optics of Fractals

Atmospheric fractals reveal very specific optical properties interacting intensely
with sunlight. This fact is linked closely with their structure: the geometrical
size of the atmospheric FAs lies in the micrometer range, that is, the particle
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sizes are comparable with the wavelength of visible light and infrared radiation.
On the other hand, FAs are composed of tiny nanometer-sized units whose
electrodynamic properties often differ from those of macroscopic objects. This
felicitous combination of micro- and macro-properties together with a kind of spatial
order (scaling invariance) stipulate specific optical properties of fractal aggregates.

Strong spatial correlations of the nanospherules (Eq. (1.44)) lead to the singularity
in the differential elastic cross-section at small angles:

dσe

d�
∝

∫
d3r C(r) eiq·r ∝ 1

qD
(1.53)

where q = 2πλ−1 sin(θ/2) and θ is the scattering angle. This singular behavior
serves in some cases for the experimental determination of the fractal dimension D.

Voids in FAs (Eq. (1.45)) may create the conditions for the capture of light quanta
inside them. Sometimes (under special resonance conditions) FAs consisting of
weakly absorbed spherules are able to absorb light.

In their comparison of a fractal smoke optical model with light extinction
measurements, Dobbins et al. [61] used the following expressions for the absorption
and elastic scattering cross-sections:

σabs = 6πE(m)
λρp

(1.54)

and

σsca = 4πn(2)F(m)

λρpn(1)

(
1 + 4

3D
k2R2

g

)−D/2

(1.55)

with n(1,2) being the first and second moments of the FA size distribution function,
k = 2π/λ, xp = 2πr0/λ, λ being the wavelength of the incident light,

E(m) = Im
(

m2 − 1

m2 + 2

)
and F(m) =

∣∣∣∣m2 − 1

m2 + 2

∣∣∣∣ (1.56)

These rather simple expressions were applied for the analysis of the results on
the light extinction of aggregated soot aerosols with D = 1.75, and a reasonable
agreement of predicted and measured values was found.

The paper by Berry and Persival [62] gave the starting push to the studies of
the optics of FAs. The computational analysis of the Rayleigh–Debye–Gans theory
performed by Farias et al. [63] (see also references therein) showed its applica-
bility for soot FAs. The authors concluded that this theory should replace other
approximations for the description of soot optical properties, such as Rayleigh
scattering and Mie scattering for an equivalent sphere. Lushnikov and Maximenko
[64] investigated the localization effects in FAs and found that FAs with D < 3/2
consisting of weakly absorbing materials may nevertheless be ‘‘black’’ due to the
capture of the incident light quanta by voids inside the FAs. Other optical properties
(hyper-combinational scattering, scattering at small angles, and photoabsorption)
of FAs were also investigated [65]. Cabane and colleagues [66, 67] explained
the contradictions between the results of polarization and photometric measure-
ments of the upper layer of Titan’s atmosphere by assuming that FA clouds are
responsible for the light scattering effects.
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1.5.6
Are Atmospheric Fractals Long-Lived?

The answer to this question depends on the mobility of FAs, which is expected to be
much lower than that of compact particles of the same mass. The experimental and
numerical studies of the mobilities of aggregated particles allow for some useful
semiempirical relations to be established.

In the continuum regime, it was found [68] that the mobility diameter of an
FA is

dmc = 2βRg = βd1

√
D

D + 1
g1/D (1.57)

with β = 0.7–1.0 and d1 being the spherule diameter. In the free-molecule kinetic
regime, dmk ≈ dA, where dA is the radius of the equivalent projected sphere.
The rather ancient ‘‘adjusted sphere’’ interpolation expression for the equivalent
diameter by Dahneke (cited in [68]) has the form

dm

Cc(Knm)
= dmc

Cc(Knck)
(1.58)

where dm is the transition mobility diameter, dmc and dmk are the kinetic
and continuum regime mobility diameters defined above, Knm = 2λ/dm, and
Knck = 2λdmc/d2

mk. The slip correction factor is introduced as

Cc(Kn) = 1 + Kn
[

A + B exp
(−C

Kn

)]
(1.59)

with A = 1.257, B = 0.4, and C = 1.1; λ is the mean free path.
The sinks of FAs in the atmosphere are:

• diffusion deposition, which is smaller by g2/D−2/3 in the free-molecule regime,
and by g1/D−1/3 in the continuum regime;

• sedimentation losses, which are smaller by g1/D−1/3.

Other mechanisms are as follows:

• collapse by humidification, in which water condensation on atmospheric fractals
may effectively enlarge their fractal dimensionality by 10–15%, making them
more and more compact;

• water capture by (even hydrophobic) FAs;
• scavenging by rain- and snowfall.

The latter two mechanisms are likely the most effective.
Colbeck and Wu [69] used the relation dm ∝ d3(D−1)/2D

V linking the mobility
diameter dm with the volume equivalent diameter dV for determination of D of
smoke FAs. They found D to lie within the interval 1.40–1.96. A useful relation
linking the particle mobility with the optical diameter of soot aggregates (dopt ∝ d1/3

m )
has been reported [70]. Expressions for thermal and sedimentation velocities in
terms of a geometric particle diameter have also been given [71]. Huang et al. [38]
performed experiments with diesel engines that emit chain–agglomerate particles
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and found changes in D from 1.56 to 1.76 and from 1.40 to 1.54 depending on the
sulfur content. The ‘‘rigidity’’ of the chains was demonstrated to grow on increasing
the sulfur content.

1.5.7
Concluding Remarks

The fractal concept is undoubtedly fruitful for characterization of the present-day
aerosol situation in the Earth’s atmosphere. At the same time, it should be noted
that the concept itself needs development when applied to atmospheric aerosols.
The still not numerous observations of atmospheric fractal aggregates show that
their sizes (better, the numbers of spherules comprising the aggregates) are not
large enough to expose a well-developed fractal picture. Perhaps, distributions over
D will be of use for their proper characterization.

The fractal aggregates manifest anomalous physico-chemical properties: their
lifetimes are much longer than those of compact particles of the same mass
(by 10–100 times in the case of atmospheric fractals); their light scattering and
absorption cross-sections are higher by orders of magnitude than those of the
equivalent collective non-aggregated spherules; and their chemical and catalytic
activities are also enhanced by the specifics of the fractal aggregate morphology.
This is why even a small admixture of fractal aggregates may seriously change the
existing estimates of aerosol impact on the global radiation and chemical cycles in
the atmosphere.

The condensation of atmospheric moisture on fractal aggregates was shown to
restructure them, making the aggregates more compact. This process reduces their
lifetimes. The recognition of this fact helps to answer the question of where to seek
them. The upper layers of the atmosphere and near-space are the most probable
places for the accumulation of fractal aggregates.

The fractals of the lower troposphere are mainly of anthropogenic origin and
hardly to be thought as very desirable guests. Being good absorbers, they are able
to accumulate harmful substances and radioactivity, and to transport them inside
living organisms. Hence, the environmental aspects of the atmospheric fractal
aggregates are of great importance.

1.6
Coagulation

Coagulation is a collective aerosol process. This means that the equation describing
the kinetics of this process is nonlinear with respect to the particle size distribution
(see Eq. (1.60) below). This section introduces the reader to some fairly new
concepts that appeared not very long ago [54–58, 72, 73]. We begin with a short
description of the coagulation process. More details can be found in the chapter
written by Maisels in this book [74].
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At first sight the coagulation process looks rather offenceless. A system of M
monomeric objects begins to evolve by pair coalescence of g- and l-mers according
to the scheme

(g) + (l) −→ (g + l) (1.60)

It is easy to write down the kinetic equation governing this process as

dcg (t)

dt
= 1

2

g−1∑
l=1

K(g − l, l)cg−l(t)cl(t) dl − cg (t)
∞∑

l=1

K(g, l)cl(t) dl (1.61)

This equation is known as the Smoluchowski equation. Here the coagulation kernel
K(g, l) is the transition rate for the process given by Eq. (1.60). The first term on
the right-hand side of Eq. (1.61) describes the gain in the g-mer concentration cg (t)
due to coalescence of (g − l)- and l-mers, while the second one is responsible for
the losses of g-mers due to their sticking to all other particles. Equation (1.61) can
be rewritten in the integral form (sums on the right-hand side of Eq. (1.61) are
replaced with integrals)

∂c(g, t)
∂t

= 1
2

∫ g

0
K(g − l, l)c(g − l, t)c(l, t) dl − c(g, t)

∫ ∞

0
K(g, l)c(l, t) dl (1.62)

Eqs. (1.61) and (1.62) should be supplemented with the initial conditions,

cg (0) = c0
g or c(g, 0) = c0(g) (1.63)

where c0 are known function of g.
There are a number of coagulation kernels that are commonly used in aerosol

physics, and they look as follows:

1) Coagulation in the free-molecule regime:

K(g, l) = πa2
0

√
8kT

πm0
(g1/3 + l1/3)2

√
g−1 + l−1 (1.64)

The physical meaning of this expression is apparent: it is just the geometrical
cross-section of g- and l-mers times their mutual thermal velocity times their
reduced mass. Here m0 stands for the mass of the monomer. The analogy with
the formula for the condensation efficiency of small particles is clearly seen.

2) Coagulation in the continuum regime:

K(g, l) = 2kT

3ρν
(g1/3 + l1/3)(g−1/3 + l−1/3) (1.65)

3) Coagulation in laminar shear flow:

K(g, l) = 4

3
�m0(g1/3 + l1/3)3 (1.66)

where � is the velocity gradient directed perpendicular to the flow of the carrier
gas.



1.6 Coagulation 23

4) Coagulation in turbulent flow:

K(g, l) =
√

πε

120ν
8a3

0(g1/3 + l1/3)3 (1.67)

where ε is the rate of dissipation of kinetic energy of the turbulent flow per
unit mass.

It is important to emphasize that the above kernels are homogeneous functions
of g and l, that is,

K(ag, al) = aλK(g, l) (1.68)

where λ is the homogeneity exponent.
Equations (1.61) and (1.62) can be modified by adding a source of fresh particles

(the term If (g) on the right-hand side of these equations), a sink of particles (the
term λgcg), and the particle condensational growth (the term ∂(αg c(g, t)/∂g on the
left-hand side of Eq. (1.62)). Then the full equation (the general dynamic equation
in the terminology of Friedlander [34]) has the form

∂c(g, t)

∂t
+ ∂α(g)c(g, t)

∂g
= I(g) + (Kcc)g − λ(g)c(g, t) (1.69)

where (Kcc)g stands for the right-hand side of Eq. (1.62):

(Kcc)g = 1
2

∫ g

0
K(g − l, l)c(g − l, t)c(l, t) dl − c(g, t)

∫ ∞

0
K(g, l)c(l, t)dl (1.70)

1.6.1
Asymptotic Distributions in Coagulating Systems

In what follows, we will use the dimensionless version of this equation, that is,
all the concentrations are measured in units of the initial monomer concentration
c1(0) and time in units of 1/c1(0)K(1, 1). More details can be found in the review
articles [75, 76].

Let us introduce a family of homogeneous kernels [72, 73, 77]

K(g, l) = 1

2
(gα lβ + lαgβ ) (1.71)

Then

λ = α + β (1.72)

We also introduce the exponent µ, as

µ = |α − β| (1.73)

In addition, we assume that the condensation efficiency may be approximated by
an algebraic function,

αg ∝ gγ (1.74)

The late stages of the time evolution of disperse systems, when either coagulation
alone governs the temporal changes of particle mass spectra or simultaneous
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condensation complicates the evolution process, are studied under the assumption
that the condensation efficiencies and coagulation kernels are homogeneous
functions of the particle masses, with γ and λ, respectively, being their homogeneity
exponents. Three types of coagulating systems are considered: (i) free coagulating
systems, where coagulation alone is responsible for disperse particle growth;
(ii) source-enhanced coagulating systems, where an external spatially uniform
source permanently adds fresh small particles, with the particle productivity being
an algebraic function of time, I(t) ∝ ts; and (iii) coagulating-condensing systems,
in which a condensation process accompanies the coagulation growth of disperse
particles. The particle mass distributions of the form

cA(g, t) = A(t)ψ(gB(t)) (1.75)

are shown to describe the asymptotic regimes of particle growth in all the three
types of coagulating systems (g is the particle mass).

Friedlander [78] was the first to introduce the self-preserving form of the mass
spectra in free coagulating systems. According to the hypothesis of self-preservation
A(t) = N2(t), B(t) = N(t), with N(t) being the total number concentration of the
coagulating particles. However, the family of self-preserving spectra is much wider
(see [72, 73] and references therein).

The functions A(t) and B(t) are normally algebraic functions of time whose power
exponents are found for all possible regimes of coagulation and condensation
as functions of λ and γ . The equations for the universality function ψ(x) are
formulated. It is shown that in many cases ψ(x) ∝ x−σ (σ > 1) at small x, that is,
the particle mass distributions are singular. The power exponent σ is expressed in
terms of λ and γ .

We have given the classification of the singular self-preserving regimes in
coagulating systems and have defined the conditions for their realization. They are
listed below.

1) In the free coagulating systems ψ(x) ∝ 1/x1+λ at x � 1, which corresponds to
the mass distribution of the form:

cA(g, t) ∝ 1
g1+λt

(1.76)

The condition for the realization of this asymptotics is α, β > 0. At β = 0 the
singularity is weaker, ψ(x) ∝ 1/x1+γ , where 0 < γ < λ.
It is not so difficult to understand the physical meaning of this condition: the
rate of interaction of small particles (g ∝ 1) with large ones (g � 1) is on the
order of K(1, g) ∝ gα and K(g, g) ∝ gλ, respectively, that is, the smaller particles
interact with the larger ones much more slowly than the large ones between
themselves (α ≤ λ). Strongly polydisperse mass spectra thus form, in which
the role of larger particles is less than that of smaller ones.
The situation changes drastically at β < 0. In this case K(1, g) � K(g, g), that
is, the larger particles ‘‘eat’’ the smaller ones much faster than each other. A
hump in the distribution at large masses develops, while the concentrations of
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small particles drops with time. A singular and a non-singular distribution are
shown in Figure 1 of [73].

2) The inequality λ, µ ≤ 1 defines the conditions for the singular distributions to
exist in source-enhanced coagulating systems. It is simply the conditions for
the convergence of the integral on the right-hand side of Eq. Eq. (1.62). The
singularity of the mass spectra in the source-enhanced coagulating systems is
ψ(x) ∝ x−(3+λ)/2 or, in terms of the particle masses,

cA(g, t) ∝ g−(3+λ)/2t−(1−s)(1+λ)/2(1−λ) (1.77)

At s = 1 (a source that is constant in time) the time-dependent multiplier turns
to unity. The mass spectrum has a steady-state left wing, that is, the spectrum
of the highly disperse fraction is independent of time, although the source
permanently supplies the system with fresh portions of small particles. These
particles deposit mainly on the larger ones, providing the right wing of the
spectrum to move to the right along the mass axis. The steady-state regimes
of coagulation in source-enhanced systems have been investigated [79, 80]
(see also [73] and references therein).

3) We have considered systems of coagulating particles in which a source that is
constant in time produces a vapor of low volatility condensing onto the particle
surfaces. The particle growth in such systems is similar in many respects to
that in source-enhanced and (sometimes) free systems. Several regimes have
been detected.
a. The disperse phase consumes all the mass of the vapor. In this case

ψ(x) ∝ 1/x2−γ+λ, or

cA(g, t) ∝ 1/t2γ−1−λg2−γ+λ (1.78)

The conditions for realizing these distributions are: γ < 1 and 2γ > 1 + λ.
At λ < γ < (λ + 1)/2 the coagulating–condensing system behaves like
a source-enhanced coagulating system with linearly growing mass
concentration.

b. When the mass of the disperse phase grows more slowly than t, the
asymptotic mass distribution in coagulating–condensing systems is the
same as in source-enhanced systems. The singular asymptotics, however,
is never realized. At γ≤2λ − 1 condensation is so slow that the coagulating
disperse system consumes only a finite part of the vapor and the coagulation
process goes like in free coagulating systems.

Singular asymptotic distributions have been known since 1975 [81]. But what is
especially wonderful is the fact that such distributions had appeared in the exactly
solvable model K(g, l) = g + l) [82], but people (including me) did not want to notice
them. A thorough numerical analysis by Lee [83] showed that the characteristic
time for reaching the singular asymptotics is much longer than in the case of
non-singular distributions. I did not cite here very many of my own papers on
asymptotic distributions (a false modesty), but one can find almost a full list of
these works in Lushnikov and Kulmala [72, 73].
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1.6.2
Gelation in Coagulating Systems

A half a century ago it had become clear that there is something wrong with
Eq. (1.61). An attempt by Melzak [84] to find an exact solution to this equation for
the kernel proportional to the masses of coalescing particles

K(g, l) ∝ gl (1.79)

had led to a strange conclusion that the total mass concentration ceases to conserve
after a finite time t = tc (in what follows tc is referred to as the critical time) and the
second moment of the particle mass distribution φ2 = ∑

g2cg has a singularity,

φ2(t) ∝ 1

tc − t
(1.80)

Even more strange is the fact that at t = tc nothing wrong happens either to the
particle mass spectrum or the particle number concentration. The whole situation
is displayed in Figure 1.4.

Immediately, the problems of the existence of the solution to Eq. (1.61) and of its
uniqueness were posed and resolved [85–88]. But this did not help to answer the
question of what does happen after t = tc.

On the other hand, it is clear that, if we consider a finite coagulating system,
then at any time we see a number of bigger and bigger particles whose total mass
M cannot disappear somewhere. It is worthwhile to characterize such a system
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Figure 1.4 The total number and total mass
concentrations of sol particles as functions
of time (dimensionless units). After the
critical time t = tc the mass concentration
ceases to conserve, because a massive gel
particle forms and begins to consume the
mass of the sol. On the other hand, the

number concentration does not feel the loss
of one (although very big) gel particle. Still
the post-critical behavior of the number con-
centration found from Eq. (1.61) differs from
that predicted by the Smoluchowski equation
(n(t) = 1 − t, dashed line).
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by the set {ng} of occupation numbers of g-mers. Then it becomes possible to
introduce the probability W({ng}, t) for the realization of a given set at time t.
Now the evolution of the coagulating system is fully described in terms of W.
But a truncated description in terms of the average occupation numbers is also
admissible:

ng (t) =
∑
{ng }

W({ng}, t)ng (1.81)

The particle concentrations are introduced as

cg (t) = ng (t)

V
(1.82)

Here V is the total volume of the coagulating system.
Now we are ready to return to the question of what is going on in our system.

The point is that the concentrations appearing in the Smoluchowski equation are
defined as the thermodynamic limits of the ratios ng/V (where V −→ ∞, ng −→ ∞,
and their ratio is finite), that is, if ng are not large enough (for example, some of
them ∝ Vα, α < 1), then these particles are not ‘‘seen’’ in the thermodynamic limit,
even if they exist. Still, these particles can have large masses, comparable to the
mass of the entire system, and thus contribute to the mass balance. In coagulating
systems, such particles can form spontaneously during a finite time (see Figure 1.5).
This is gelation.

Two approaches have been applied for considering the sol–gel transition. The first
approach does not conflict with the Smoluchowski description of gelling systems,
that is, it starts with the Smoluchowski equation (see, for example, [89]). The
mass deficiency appearing after the critical time is attributed to an infinite cluster
(a gel), which is introduced ‘‘by hand’’ (its existence does not follow from the
Smoluchowski equations) and serves only to restore mass conservation. The gel
can be assumed to be either passive or active with respect to the sol fraction (defined
as the collection of particles whose population numbers are macroscopically large).
In the former case the gel grows due to a finite mass flux toward infinite particle
sizes. The active gel grows, in addition, by consuming the sol particles. These two
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Figure 1.5 The particle mass spectrum at
t − tc = 0, 0.05, and 0.1. It is seen how the
gel appears from nothing.
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mechanisms are thoroughly discussed in [90], where the reader will find references
to earlier works.

More accurately (but, again, within the Smoluchowski scheme) this process had
been considered in [91], where an instantaneous sink of particles with masses
exceeding a large one, G, was introduced. Then the kinetics of coagulation can be
described by a truncated Smoluchowski equation, and no paradox with the total
mass concentration comes up, for the mass excess is attributed to the deposit: the
particles with masses g > G consumed by the sink. Nevertheless, the difference
between gelling and non-gelling systems manifests itself in the fact that during the
whole pregelation period the mass is almost conserved, and only immediately after
the critical time does a noticeable mass loss appear. The description of this model
can be found in [58, 92].

The second, alternative, approach applying the Marcus [93] scheme to the gelation
problem appeared earlier in [54–57, 94, 95]. The idea of this approach relies upon
the consideration of finite coagulating systems. As mentioned above, this approach
operates with the occupation numbers and the probability for the realization of a
given set of occupation numbers. Within this scheme, the gel manifests itself as a
narrow hump in the distribution of the average particle numbers over their masses.
This hump appears after the critical time at macroscopically large mass g ∝ M
and behaves like the active gel, that is, it influences the particle mass spectrum of
the sol.

The master equation governing the time evolution of the probability is extremely
complicated, but on replacing it by another one, for the generating functional of the
probability W, it acquires a similarity with the Schrödinger equation for interacting
quantum Bose fields. Although many features of the solution to the evolution
equation for the generating functional were clear almost three decades ago, only
very recently was I able to find the exact solution to this equation in a closed form
and to analyze the behavior of the particle mass spectrum in the thermodynamic
limit [54–58].

The description of the coagulation process in terms of occupation num-
bers (numbers of g-mers considered as random variables) was first introduced
by [93]. This approach was then reformulated by me [52–58, 94, 95] in a
form strongly reminiscent of the second quantization. Below I outline this
approach.

The idea of this approach is very simple. Let us consider a process in which
a pair of identical particles A, on colliding, produce one A particle (the process
A + A −→ A). Let there be M such particles moving chaotically in the volume V .
They collide and coalesce. Two particles produce one. This is exactly like in a
coagulation process. The collision rate (the probability per unit time for a pair of
particles to collide) is introduced as κ/V , where κ is the rate constant of the binary
reaction A + A −→ A. The rate equation for the particle number concentration c(t)
describes the kinetics of the process:

dc

dt
= −κc2 (1.83)
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However, we can choose an alternative route and introduce the probability W(N, t)
to find exactly N particles at time t in our system. It is also easy to guess that

dW(N, t)
dt

= κ

2V
[(N + 1)NW(N + 1, t) − N(N − 1)W(N, t)] (1.84)

The first term on the right-hand side of this equation gives the positive contribution
to the rate dtW because of the coalescence of two particles ((N + 1)N/2 is the
number of ways to choose a pair of coalescing particles from N + 1 particles).
The second term describes the negative contribution to dtW, because the particles
continue to coalesce and transfer the system from the state with N particles to the
state with N − 1 particles.

Hence, a simple nonlinear equation (1.83) is replaced by a set of linear equations
(1.84). However, we do not stop at this point and will make a step forward. We
introduce the generating function for our probability,

�(z, t) =
∑

N

W(N, t)zN (1.85)

From Eq. (1.84) we can derive the equation for � as

V
∂�

∂t
= κ

2
(z − z2)

∂2�

∂z2
(1.86)

This equation should be supplemented with the initial condition

�(z, 0) = ψ0(z) (1.87)

where ψ0(z) is a reasonable function (it should be analytical at z = 0). For example,
if we fix the number of particles N0 at the beginning of the process, then
ψ0(z) = zN0 . Alternatively, the function ψ0(z) = eN0(z−1) corresponds to an initial
Poisson distribution.

Two questions immediately come up: (i) Why should we introduce such a complex
scheme for describing the kinetics of the reaction – why not use Eq. (1.83)? (ii) If
the second scheme describes the same process as Eq. (1.83), then how do we derive
Eq. (1.83) from Eq. (1.86)?

First, I answer the second question. Let us expand the right-hand side of Eq. (1.86)
near z = 1, that is, we replace z − z2 ≈ −2ξ , where ξ = z − 1 � 1. We find from
Eq. (1.86) that

V
∂�

∂t
= −κξ

∂2�

∂ξ 2
(1.88)

Now it is easy to solve this equation to obtain

�(z, t) = ec(t)V(z−1) (1.89)

On substituting this into Eq. (1.88) we come to the conclusion that the concentration
c(t) satisfies Eq. (1.83). Thus the probability has Poisson form. This approximation
works well at very large N.

Now let us return to the first question. If we want to describe a finite system, then
eventually we should use Eq. (1.84) or, better, Eq. (1.86). Because the description of



30 1 Introduction to Aerosols

a gel demands a step beyond the scope of the thermodynamic limit, I will use this
very approach, although it requires much more serious efforts for operating and
understanding the final results.

Here the ‘‘pathological’’ coagulating systems have been considered, that is,
systems whose development in time leads to the formation of an object that is not
provided for by the initial theoretical assumptions. In our case it is the gel whose
appearance breaks the hypothesis that the kinetics of coagulation can be described
in terms of the particle number concentrations defined as the thermodynamic limit
of the ratio (occupation numbers)/volume.

The coagulating system with kernel proportional to the product of the masses
of two colliding particles is the central object of the present study. Although the
main decisive step in understanding the nature of the sol–gel transition in finite
systems with K ∝ gl had been done long ago, only recently was I able to find
the exact solution of this salient problem [54–58, 92, 96]. The central goal of this
section was to introduce the reader to the main ideas of the approach that I so
adore. Here I have demonstrated that this approach is eminently applicable to the
solution of other problems, like the time evolution of random graphs or gelation in
coagulating mixtures.

At first sight, the coagulation process cannot lead to something wrong. Indeed, let
us consider a finite system of M monomers in the volume V . If the monomers move,
collide, and coalesce on colliding, the coagulation process, after all, forms one giant
particle of mass M. The concentration of this M-mer is small, cM ∝ 1/M. It is better
to say that it is zero in the thermodynamic limit V , M −→ ∞, M/V = m < ∞. In
other words, no particles exist in coagulating systems after a sufficiently long time.
But still something unexpected goes on in gelling systems after a finite interval of
time. The gel forms.

Two scenarios of gelation in coagulating systems have been considered in [54–58,
92]. The first one considers the coagulation process in a system of a finite number
M of monomers enclosed in a finite volume V . In this case any losses of mass
are excluded ‘‘by definition.’’ The gel appears as a single giant particle of mass g
comparable to the total mass M of the whole system.

What happens then in the system with K(g, l) ∝ gl in the thermodynamic limit?
The answer is simple, although in no way apparent. In contrast to ‘‘normal’’
systems, where the time of formation of a large object grows with M, a giant
object with a mass on the order of M forms during a finite (independent of V
and M) time tc. After t = tc this giant particle (gel) actively begins to absorb the
smaller particles. Although the probability for any two particles to meet is generally
small (∝ K(g, l)/V), in the case of g ∝ M this smallness is compensated by the
large value of the coagulation kernel proportional to the particle mass M, which
is, in turn, proportional to V . Hence, the gel whose concentration is zero in the
thermodynamic limit can play a considerable role in the evolution of the whole
system. The structure of the kernel is also the reason why only one gel particle
can form. The point is that the time for the process (l) + (m) −→ (l + m) is short
for l, m ∝ M: τ ∝ V/K(l, m) ∝ V/M2 ∝ 1/V −→ 0 in the thermodynamic limit.
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Of course, the Smoluchowski equation is not able to detect particles with zero
concentration.

As mentioned above, the total mass concentration of the spectrum n(s)
g (t) is

not conserved at t > tc. It is easy to show [54–57] that the deficit of the mass
concentration after the critical time tc is

2t = 1

µc(t)
ln

(
1

1 − µc(t)

)
or µc = 1 − e−2µct (1.90)

This equation has only one root µc(t) = 0 at t < tc and two roots at t > tc. It is clear
why we should choose the positive non-zero root after the critical time.

The mass distribution in the variables g, ε has the form (see also [54])

ng (t) = C(g, ε) exp
(

− g3

8M2
+ ε

g2

M
− 2gε2

)
(1.91)

Unfortunately, our asymptotic analysis does not allow for restoring the normaliza-
tion factor C(g, ε). Still, some conclusions on its form can be retrieved from the
mass conservation,

C(g, ε) = M√
2πg5

+
√

ε θ (ε)√
2πM

(1.92)

with θ (ε) being the Heaviside step function. Indeed, below the transition point
the total mass is conserved and the asymptotic mass spectrum is known.
Equations (1.91) and (1.92) reproduce the latter at g � M. Above the transition
point the second term normalizes the peak appearing at g = µ−M to unity.

Now it becomes possible to describe what is going on. Below the transition
point (at ε < 0) the mass spectrum drops exponentially with increasing g. The
terms containing M in the denominators (see Eq. (1.91)) play a role only at g ∝ M.
At these masses, the particle concentrations are exponentially small. In short, in
the thermodynamic limit and at ε < 0 the first two terms in the exponent on
the right-hand side of Eq. (1.91) can be ignored. The spectrum is thus given by
the equation

ng (t) = M√
2πg5

e−2gε2
(1.93)

At the critical point (t = tc or ε = 0) the spectrum acquires the form

ng (t) = M√
2πg5

e−g3/8M2
(1.94)

Although the expression in the exponent contains M in the denominator, we have
no right to ignore it, for this exponential factor provides the convergence of the
integral for the second moment φ2 = M−1∑g2ng in the limit M −→ ∞. We thus
have

φ2(tc) = 1√
2π

∫ M

0

e−g3/8M2
dg√

g
≈ 1

3
√

π
�

(
1

6

)
M1/3 (1.95)

Here �(x) is the Euler gamma function.
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The second (and the most widespread) scenario assumes that after the critical
time the coagulation process instantly transfers large particles to a gel state, the
latter being defined as an infinite cluster. This gel can be either passive (it does not
interact with the coagulating particles) or active (coagulating particles can stick to
the gel). In the latter case, the gel should be taken into account in the mass balance
and no paradox with the loss of total mass comes up (see [52, 53, 94, 95]). Still,
neither this definition nor the post-gel solutions to the Smoluchowski equation
give a clear answer to the question of what the gel is.

The situation becomes more clear on considering a class of so-called truncated
models (Section 1.5). In these models a cutoff particle mass G is introduced.
The truncation is treated as an instant sink removing very heavy particles with
masses g > G from the system. So we sacrifice mass conservation from the very
beginning. The particles whose mass exceeds G form a deposit (gel) and do not
contribute to the mass balance. Of course, the total mass of the active particles
plus deposit is conserved. The time evolution of the spectrum of active particles
(with masses g < G) is described by the Smoluchowski equation as before, with
the limit ∞ in the loss term being replaced with the cutoff mass G. The set of
kinetic equations then becomes finite and no catastrophe is expected to come up.
We have shown that, indeed, nothing wrong happens even for the coagulation
kernel K ∝ gl. The total mass concentration of active particles drops with time, as
it should, because the largest particles settle out to deposit. But as G −→ ∞ the
total mass concentration of active particles is almost conserved at t < tc and only
after the critical time (tc − t ∝ G−1/2) does the deposit begin to form and the mass
to drop down with time.

The question immediately comes up: What kernels are pathological? In 1973
I tried to answer this question. A primitive analysis of [97] (see also [73]) shows
that for homogeneous kernels K(ag, al) = aλK(g, l) the self-preserving asymptotic
solution to the Smoluchowski equation should have the form:

cg (t) ≈ t−2/(1−λ)ψ(gt−1/(1−λ)) (1.96)

This asymptotic formula shows that something wrong should happen at λ > 1.
So the kernels with λ > 1 occurred under suspicion. This opinion has survived
until now. People continue to attack this problem, but the problem remains too
hard. What is known up to now? For the kernels Kα(g, l) = gα lα it has been
proved that the sol–gel transition exists [76]. At α > 1 a gel appears already
from the very beginning of the coagulation process (tc = 0). So we know very
little.

The model K ∝ gl considered in detail here admits an exact solution. As has been
shown, this solution is not so simple, especially if one tries to consider a finite
system. More general models are less pleasant in this respect. Still, the approaches
described above can help to answer quantitatively what is going on in more general
systems. For example, the truncated models can be analyzed numerically. We
can find the time behavior of particle mass concentration, to detect the gelation
point (there is a chance that the mass ceases to be conserved very near the critical
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point), and to try to look for a solution that decreases as t−1 (post-critical behavior).
Moreover, such attempts have been reported (see [76]).

1.7
Laser-Induced Aerosols

The idea to use powerful lasers for aerosol particle production appeared rather long
ago (see [59] and references therein). Although the laser technologies are typically
expensive and not very productive, their advantages are apparent: in irradiating the
targets (solid, liquid or even gaseous), it is easy to reach the necessary regimes for
particle formation by changing the parameters of the incident laser beam and the
carrier gas inside the vessel containing the target.

The laser beam interacting with a solid target creates a heated spot erupting
plasma consisting of ionized vapor molecules and molecules of the carrier gas.
This plasma cloud screens partially (or even totally in the case of breakdown)
the incident light, heating itself by photoabsorption. Simultaneously it begins to
expand. On cooling enough, the vapor of the target material begins to form aerosol
particles, that then grow by condensing vapor molecules and coagulation. The
balance of the characteristic times of all these processes defines the characteristics
of the produced aerosol particles: number concentration, the shape of the particle
size distribution, degree of agglomeration, and so on.

The chain of events leading to aerosol formation looks as follows:

incident beam −→ plasma eruption −→ expansion of plasma cloud

−→ nucleation −→ condensational growth plus expansion of cloud

−→ coagulation −→ fractals −→ aggregation −→ gelation.

The latter stage goes only in specially chosen conditions. Below, all the stages of
the laser-induced aerosols are considered step by step.

1.7.1
Formation of Plasma Cloud

Focused laser irradiation heats the spot on the target surface up to temperatures
above the boiling point. At the characteristic pulse energies of our experiment,
the time for heat propagation inside the target body is much longer than the
evaporation time, that is, all absorbed energy is spent on evaporating the atoms
of the target material. The pressure of the vapor in the plasma cloud formed in
this way is typically a little below the saturation pressure. The erupted vapor forms
a one-dimensional plasma beam, the front of which propagates with the sound
speed, has a temperature of Tf ≈ 0.7T0 (T0 is the spot temperature), and has a
density of ρf = 0.25ρs. The flux of evaporated atoms is J ∝ vTN0. The vapor plasma
is strongly non-equilibrium and the density of ions exceeds its equilibrium value
by several decimal orders and reaches the value Ni ∝ 1018 –1020 cm−3.
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1.7.1.1 Nucleation plus Condensational Growth
The front temperature of the plasma cloud is sufficiently low for aerosol particles
to form. The characteristic times for particle formation are typically on the order
of 10−9 s, that is, much shorter than the cloud formation times (10−7 s). This
fact means that all erupted vapor is spent for particle formation and allows one to
evaluate the total particle number per pulse. Most likely, the number concentration
of the aerosol particles is on the order of the ion number concentration, that
is, heterogeneous nucleation on ions plays the central role. In this case the
nucleation–condensation process should produce the particles containing 102 –103

atoms or 1 nm in diameter. Experimentally observed particles are typically several
times bigger, which likely means that not all ions are effective condensation nuclei.
There is another explanation of this fact: not all particles are formed simultaneously.
The earlier particles may then deplete the vapor and not permit the other smaller
embryos to grow up to the particle size.

1.7.1.2 Coagulation
The concentration of forming particles is extremely high, so the characteristic
coagulation times should be of the order of 10−5 s (this is the upper estimate).
The coagulation process is thus longer than the lifetime of the plasma cloud,
which means that already cooled (solid) particles enter the coagulation process,
thereby forming rather loose fractal aggregates with fractal dimensionality close
to the D = 1.8 characteristic for the coagulation process. It is not easy to treat
respective experimental data, for measurements of the aggregate mass spectra are
still impossible. Nor are the mechanisms of aggregate–aggregate interaction well
recognized.

The resulting particle mass spectra depend strongly on the form of the coagulation
kernels. Wu and Friedlander [47, 48] assumed that the extension of free-molecule
coagulation is enough in order to describe the coagulation of fractal aggregates. They
replaced the colliding particle radii by r ∝ M1/D in the expression for the coagulation
kernel and investigated the dependence of the asymptotic mass spectra on D. The
latter was shown to become broader with decreasing D. Another assumption was
made by Lushnikov et al. [59]; the coagulation kernel is proportional to (r1 + r2)α

with α = 2 or 3. In this case the homogeneity exponent of the coagulation kernel
exceeds 1, and a gelation process should occur [59].

1.7.2
Laser-Induced Gelation

A strong laser beam hitting a solid target produces an eruption of vapor. Subsequent
condensation of the cooling vapor gives nanometric particles that are able to form
very crumbly fractal aggregates of micrometer size. In turn, aerosols consisting of
such aggregates continue to coagulate. The most enigmatic is the final stage of
the ageing process: the fractal aggregates form a web-like structure of macroscopic
size. The experimental observation of this effect was reported by Lushnikov, Negin
and Pakhomov [59] (hereafter LNP). Later, similar experiments were performed by
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Friedlander’s group, which investigated in addition some properties of the fractal
filaments [98]. A theoretical explanation of this effect appeared much earlier [52, 53,
94, 95], who gave an exact analysis of the Flory–Stockmeyer model of polymerization
(coagulation kernel K ∝ gl with g and l being the masses of colliding particles) and
showed that one giant object (superparticle) should appear after a finite interval
of time. This effect was then studied theoretically by a number of authors (for
citations see the book Fractals in Physics [31]) who gave some evidence in favor of
the fact that such a phenomenon is not a rarity and is of great significance for
understanding the processes of fractal structure growth.

Let us consider the coagulation of particles placed in a uniform electric field of
strength E. This field induces the dipole moment d = αE, with α being the particle
polarizability. The interaction energy of two particles is proportional to d1d2 and
maximal for two aligned dipoles. The latter fact means that the coagulating particle
should form a needle-like structure as observed in LNP. Below, we assume that
the mutual particle motion is due to their dipole–dipole interaction. The kinetics
of needle-like particle formation is thus described by the Smoluchowski equation,
with the coagulation kernel proportional to the scalar product of the field-induced
dipole moments: K(g, l) ∝ d1d2. The polarizability of each needle is proportional to
its maximal size, which, in turn, is proportional to the total mass of the needle g.
This means that the coagulation kernel has the form

K = k0E2gl (1.97)

with k0 being a proportionality coefficient.
The equation for the second moment of the particle mass spectrum,

φ2(t) = ∑
g2cg(t), describes the kinetics of the pre-gelation period t < tc:

φ2(t) = [Kc0(tc − t)]−1 (1.98)

where the critical time

tc = [k0E2φ2(0)]−1 (1.99)

depends on the strength of the external electric field. Equations (1.98) and (1.99)
were checked experimentally. To this end Fe, Ti, Ag, and Al targets placed in a
specially designed vessel filled with inert carrier gas at different pressures were
irradiated by pulsed ruby and CO2 lasers. The time dependence of the scattered
light signal was recorded and the dependence of tc on E was found.

The comparison of the theoretical and experimental results clearly favors the
coagulation mechanism of gelation. The coagulation kernel is proportional to
the product of the dipole moments of the coagulating particles. Such a mecha-
nism evidently produces needle-like structures. The specifics of the coagulation
interaction eventually lead to the phase transition: during a finite period of
time, a macroscopic object forms (in this particular case, it is a set of fractal
filaments).

Fractal filaments that result from the aerosol–aerogel transition are of interest
for those who develop the technology of nanomaterials. Although the laser method
has many disadvantages (it is expensive and complicated), it does allow the
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production of aerogels made out of any thermostable material. There are many
other processes giving fractal filaments: plasma discharge (for example, electric
sparks), and thermal or chemical decomposition (for example, it is no problem to
produce aerogels by thermal decomposition of Fe(CO)5). The application of fractal
filaments is a matter for the future.

1.8
Conclusion

Aerosol science does not belong to the group of sciences that are based on one
equation or principle, like, for example, classical mechanics (Newton’s equation),
quantum mechanics (Schrödinger’s equation), classical electrodynamics (Maxwell’s
equations), and so on. Rather, aerosol science applies the results and methods
adopted from all other sciences. In particular, Newton’s equation applies in aerosol
mechanics, Maxwell’s equations are used in the theory of light scattering by
aerosols, quantum-mechanical approaches are needed for studying the structure
of small clusters, and even quantum field ideas have been used in aerosol science
– the theory of gelation, the derivation of Mie theory from quantum principles
[99], and the study of inelastic electromagnetic processes on aerosol particles [100].
This rather speckled structure of aerosol science makes it difficult to write a review
enveloping all branches of aerosol science. Here I have restricted myself to the
problems of kinetics of aerosols.

Coagulation Aerosol particles are not simply suspended in a carrier gas. They
always move due to their collisions with the carrier gas molecules. On colliding, the
moving particles coalesce, forming a new daughter particle with mass equal to the
total mass of the parent particles. This process continues until very few particles
remain in the system.

There are two problems in the theory of coagulation: (i) how to find the efficiency
of particle collisions; and (ii) how to describe the time evolution of coagulating
aerosols, once the collision rates are known functions of the particle sizes. Both
problems have been considered. Sometimes coagulation leads to gelation. I have
explained in short the conditions under which the gel can form (without entering
into the heavy mathematical details).

Charging of particles Charging of aerosol particles is of undoubted importance.
An aerosol particle can carry from one to thousands of elementary charges. I have
discussed the kinetics of particle charging. My starting point was the flux matching
theory of charge transport in the carrier gas. The Coulomb and image forces
make the problem extremely complicated, especially because the image forces are
singular at the particle surface. Without derivation, I exposed the final results for
the charging efficiency of aerosol particles.
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Drag on aerosol particle In this section I discussed the drag force on an aerosol
particle of a given radius. The central result is the formula proposed by Mil-
likan and derived by Phillips from the numerical analysis of the Boltzmann
equation. Mobility, electromobility, and diffusivity are discussed in the light of this
formula.

Condensation, evaporation, nucleation These problems are discussed in a separate
chapter in this book [101]. The situation with nucleation remains unsatisfactory.
As for condensation, I showed that semiempirical formulas by Fuchs and Sutugin
and by Dahneke give results very close to the expression derived theoretically by
Lushnikov and Kulmala. The advantage of the latter approach is the possibility to
extend it to more complicated situation when a single particle–molecule interaction
is switched on.
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2
High-Temperature Aerosol Systems
Arkadi Maisels

2.1
Introduction

Among the different sources of aerosol particles, high-temperature processes are very
important both in nature and in industry. Indeed, huge amounts of aerosols are
emitted into the atmosphere during combustion, explosions, and volcanic eruptions.
On the other hand, industrial manufacture of powder materials is often based on
the implementation of different high-temperature processes for aerosol generation.
Millions of tonnes of carbon black, silica, titanium, and so on are manufactured
annually via aerosol-based technologies. Therefore, an understanding of aerosol for-
mation and dynamics in high-temperature processes is of immense environmental
and industrial importance.

In this chapter, an overview is given of different high-temperature routes for
aerosol synthesis. The properties of the resulting particles are considered with respect
to particle design. Besides engineering of the aerosol particle, the main dynamic
processes are described.

2.2
Main High-Temperature Processes for Aerosol Formation

Aerosol formation at high temperatures results from either physical vapor synthesis
(PVS) or chemical vapor synthesis (CVS). In the case of PVS, the precursor of
the particulate matter is obtained by physical methods such as evaporation, laser
ablation, sputtering, and so on. No chemical conversion takes place. In contrast,
CVS is based on chemical reactions in the vapor phase, which leads to liquid
or solid products. Particulate matter in both PVS and CVS arises in the form of
tiny particles due to nucleation as soon as supersaturated conditions are reached.
This could be caused either by cooling or by increase in vapor pressure due to
increase of the concentration of particulate precursor. Since aerosols are highly
dynamic systems, particles are subject to the continual influence of numerous
dynamic processes, such as coagulation, condensation, evaporation, sintering, and so
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on (Figure 2.1). Indeed, collisions lead to formation of new particles. Depending on
the morphology of the resulting particles, inter-particle collisions are distinguished
as either coagulation or aggregation processes. Inter-particle collisions are called
coagulation if the colliding particles cannot be distinguished in the resulting
particle, or aggregation if the colliding particles can be distinguished in the
resulting particle after a suitable significant time interval. Coagulation leads to
spherical or approximately spherical particles if the colliding particles are liquid
in nature, or if the temperature is high enough for rapid sintering. Aggregation
leads to the generation of aggregates of complex morphology, which is usually
characterized by means of fractal dimension (see Chapter 21). Particle morphology
in high-temperature processes is influenced by the condensation of vapor on the
particle surface, which corresponds to some increase in the particulate surface
area and mass. High temperature is responsible for the appearance of various
electrostatic effects due to possible emission of charge by various objects, including
aerosol particles, gas molecules, solid materials, or embedding gas flow, and
due to charge collection by aerosol particles. High temperature also influences
aggregate morphology, as it creates favorable conditions for particle sintering and
coalescence.

The main advantage of high-temperature aerosol synthesis is the high purity
of the resulting materials, as compared to wet routes of particle synthesis. Other
advantages of high-temperature aerosol synthesis are equal processability of organic
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and inorganic precursors, simplicity, and uniformity of chemical composition.
Different methods of high-temperature aerosol synthesis can be distinguished
according to the kind of energy supply.

2.2.1
Flame Processes

Flame processes are very common for industrial manufacturing of powder materials
via the high-temperature aerosol route. The main source of the particulate matter
is usually injected into the tubular reactor either in the flame zone or shortly after
it. The high temperature of the surrounding gas initiates chemical reactions of
precursor gases, which lead to synthesis of the product vapor.

One of the major applications of flame reactors is the synthesis of fumed oxides
(SiO2, TiO2, Al2O3, ZrO2, and so on [1–4]). In industrial processes, vaporized metal
chloride is introduced into the high-temperature hydrogen–oxygen flame and reacts
with the hot water vapor to produce a metal oxide and HCl as follows:

MeCl2n + nH2O → MeOn + 2nHCl

Rapid chemical reaction leads to the formation of supersaturated oxide vapor, which
nucleates to nanometer-sized nearly spherical particles. Inter-particle collisions
lead to the formation of larger particles or so-called aggregates (Figure 2.2). Surface
reactions with vapor species present (material additives from the gas phase) also
increase the particle size. If aggregates remain at high temperatures then partial
sintering of the composite primary particles may occur. Sinter necks determine

200 nm

Figure 2.2 Transmission electron micrograph (TEM) of SiO2 nanoparticle aggregate.
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the mechanical strength of aggregates and, consequently, their dispersability in
liquids and polymers. In addition to particle removal from the aerosol flow, it is also
important in industrial processes to reuse HCl for manufacturing metal chlorides.
The entire industrial process is schematically depicted in Figure 2.3. The same idea
is utilized in various scientific studies dedicated to the synthesis of oxides [5–8].

Carbon blacks represent probably the oldest and the largest group of
aerosol-synthesized particles. Though several different manufacturing routes exist,
most carbon blacks are made in flame reactors, where organic precursors are
pyrolyzed by hot combustion gases to form the carbon black. The process is quite
similar to the manufacture of metal oxides, with slightly different use of process
gases – in manufacturing carbon black, hydrogen is usually burned in power
plants [9]. The carbon black product is made of aggregates containing numerous
elementary spherical particles.

Similar processes could also be used for the manufacture of metal particles
from metal–organic precursors [10]. Flame reactors could be used for synthesis of
composite materials [11, 12] by introducing precursors of different elements into
the reaction zone.

Depending on the conditions of temperature, precursor concentration, and
residence time, different sizes of primary particles and aggregates can be obtained.
Fine particles, for example, could be made at short residence times and high
temperatures by adjusting the air flow rate and the length-to-diameter ratio of the
furnace [13]. The aggregation of particles can also be controlled by the addition of
traces of potassium salts into the flames [14, 15]. The crystalline structure of the
particles can be controlled by adding dopant vapors into the feed stream and by
tailoring the temperature history of the reactor [16].
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2.2.2
Hot-Wall Processes

In hot-wall processes, energy required for particle formation is supplied to a gas
flow from outside through the reactor walls. This allows a more homogeneous
temperature profile to be provided, compared to flame processes. On the other
hand, temperatures in hot-wall processes cannot reach values comparable to those
in flame processes. In industry, the hot-wall process is used, for example, for
thermal synthesis of carbon black [9] and for the production of fine powders of
silicon [17] or iron.

In hot-wall processes, precursor vapor is either decomposed under controlled
temperature conditions in a tubular reactor heated from the outside [18–20], or
produced by evaporation of solid material deposited in the heated zone of the reactor.
Depending on the precursors used and the products desired, additional reactants
can be introduced into the reactor. Similarly to flame reactors, hot-wall reactors
can be used for the synthesis of composite [21] or doped [22] materials. Even solid
precursors in the form of tiny particles can be introduced into hot-wall reactors to
synthesize composite materials [23]. Well-defined temperature conditions within
hot-wall reactors can be utilized for controlled synthesis of fullerene-like structures
[24] and carbon nanotubes [25].

The dynamic processes responsible for particle formation and growth in hot-wall
reactors are the same as in flame reactors. However, differences in temperature
conditions could lead to slight differences in particle morphology, compared to that
for flame reactors operated at similar flame temperatures. The resulting particles
are usually aggregates of numerous nearly spherical primary particles with sizes in
the range 5–50 nm.

2.2.3
Plasma Processes

In plasma processes, the energy of a plasma is used for particle formation [26–32].
Owing to the strongly dissimilar mobilities of plasma ions, aerosol particles become
unipolarly charged during their time in the plasma zone. This feature allows the
synthesis of aerosols with narrow size distributions.

Similarly to flame reactors, the variety of materials synthesized by different
plasma-related techniques is also very broad. They include pure metals [29, 33, 34],
oxides [35], nitrides [36], composite materials [37], and so on.

Depending on the method of introduction of the reactants into the apparatus,
there is a range of plasma reactors available in industry. The operating temperatures
in these devices (300−25 000 ◦C) are usually higher than in other aerosol reactors,
and complete destruction of the reactants is common. This allows usage of
molecular and solid feed streams so, in principle, any material can be processed.
All plasma reactors produce product species that nucleate to form particles in the
cooling zone immediately upon exit from the plasma-containing areas, with the
following standard pathways of gas-to-particle aerosol formation. Two broad classes
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of thermal plasma reactors are used: DC arc jets, and high-frequency (microwave or
radio-frequency) induction systems. In the case of a DC arc jet, current is supplied
to the ionized gas (plasma) by physical contact with a metallic electrode surface.
This system is relatively simple and inexpensive [38]. However, the electrodes are
consumed and may contaminate the product. In the case of a high-frequency
induction plasma (microwave or radio-frequency plasma reactor), there is no
contact between the plasma and its power source. The induction coil lies outside
the reactor walls like the electrical thermal elements in furnace reactors. Energy
transfer takes place through the electromagnetic field of the induction coil, so there
is no contamination of the product. A good overview of different plasma techniques
is given by Vollath [39]. Variables that can be controlled are plasma composition
and frequency. The most common case is an argon plasma operated at 200 kHz to
20 MHz with typical temperatures about 15 000 ◦C. As a result, plasma reactors
can handle materials with high melting point and solid powder feeds.

2.2.4
Laser-Induced Processes

High-energy laser beams can also be used for particle production. In this case, tiny
clusters are knocked out of the substrate by energy-reach laser beam. Laser ablation
is usually a low-pressure technique with throughput high enough for scientific
research but definitely not sufficient for industrial manufacturing. Laser ablation
can be applied for synthesis of silicon [40], metals [41], metal oxides, and even
complex oxides [42], which can hardly be obtained by other processes.

2.2.5
Gas Dynamically Induced Particle Formation

Gas dynamically induced particle formation is a rather new concept involving
a high-throughput process for gas-phase particle synthesis. The initiation of the
chemical reaction is realized by a stationary shock system. The quenching of
the high-temperature gas flow is achieved by gas dynamic quenching, that is,
accelerating the flow from subsonic to supersonic speed, which decreases the static
temperature below the sinter temperature. The homogeneous flow field and high
heating and quenching rates lead to narrow particle size distributions and low
aggregation.

2.3
Basic Dynamic Processes in High-Temperature Aerosol Systems

Aerosols are physically unstable systems experiencing the continual influence of
various dynamic processes. These processes change aerosol properties, such as
particle size and charge distributions, particle morphology, and so on. Here, a short
description of the main dynamic processes is presented.
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The behavior of a system of spherical unequally sized particles undergoing
nucleation, coagulation, and surface growth can be described by the general dynamics
equation (GDE) in either continuous [43] or discrete [44] form. If the discrete form
is chosen, the changes of the fraction Nk(t) (dimension 1/kg) of particles containing
k monomers can be described as follows:

dNk

dt
= 1

2
ρg

k−1∑
j=1

βk−j,jNk−jNj − ρgβkNk

∞∑
j=1

Nj

︸ ︷︷ ︸
coagulation

+ J(t)δi,k︸ ︷︷ ︸
nucleation

+ ρg
(
β ′

1,k−1N′
1(t)Nk−1 − β ′

1,kN′
1(t)Nk

)︸ ︷︷ ︸
surface growth (condensation)

(2.1)

Here β is the coagulation kernel (coefficient) of two colliding particles (m3/s); J(t)
is the nucleation rate (1/kg s); δ is the Kronecker delta (δi,k = 1 for i = k; δi,k = 0
otherwise); ρg is the carrier gas density; N′

1(t) denotes the number concentration
of condensing monomers (1/kg); while β ′ is the collision frequency of particles
and monomers (m3/s). These monomers are in the gas phase and should be
distinguished from the particle fraction N1, which represents condensed-matter
particles of the smallest size. Particle interactions with gas-phase monomers result
in particle growth but do not affect the total particle number concentration. The
particle size is the only parameter taken into account in Eq. (2.1).

The dynamics of the entire system is described by a set of equations similar to
Eq. (2.1), each of which corresponds to a specified k. The balance equation for the
total particle number concentration N (1/kg of carrier gas) is obtained by summing
over all size fractions:

dN

dt
= −1

2
ρg

∞∑
k=1

∞∑
j=1

βk, jNkNj +
∞∑

k=1

J(t)δi,k (2.2)

The changes in the total particle area S (in 1 m2/kg of carrier gas) and the total
particle mass M (in 1 kg of carrier gas) are described by

dS

dt
= ρg

∞∑
k=1

skJ(t)δi,k + πρg

∞∑
k=1

(
1

2

∞∑
k=1

βk−j,jNk−jNj(d
2
k − d2

k−j − d2
j ) − βkNk

×
∞∑

k=1

Nj(d
2
k+j−d2

k −d2
j )

)
+ πρg

∞∑
k=1

β1,k

(
(d3

k +(d1)3)
2
3 − d2

k

)
N′

1(t)Nk (2.3)

and

dM

dt
= ρg

∞∑
k=1

mkJ(t)δi,k + m′
1ρg

∞∑
k=1

β ′
1,kN′

1(t)Nk (2.4)

In Eq. (2.3) dk and d′
1 denote the diameters of a particle in size class k and

monomer, respectively, while s denotes the particle surface. Similarly, in Eq. (2.4),
m denotes the mass of a particle or monomer. Since Eqs. (2.1)–(2.4) are written for
spherical coalescing particles, processes of particle restructuring or sintering are
not considered. These processes are considered in Section 2.3.4.
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2.3.1
Nucleation

Both PVS and CVS create saturated and supersaturated atmospheres. The
commencement of nucleation depends on a level of supersaturation and residence
time. Nucleation is often presented as a dynamic process in which vapor molecules
build clusters and dissociate up to the moment when stable clusters (critical
nuclei) arise [45]. The nucleation theory is described in detail in Chapter 4. With
respect to the dynamics of high-temperature aerosols, several approaches can be
followed to describe nucleation rate as a function of temperature, pressure, vapor,
and so on. One could follow Becker–Döring nucleation theory, which is widely
supported by experimental studies [46]. According to this theory,

J = ρgN2
s s1

√
kBT

2πm1
S2 3

√
2

9π
�1/2 exp

(
−k∗ ln

(
S

2

))
(2.5)

Here, S = N′
1/Ns is the saturation ratio, determined as a ratio of the actual monomer

concentration to the monomer concentration at saturation conditions, s1 and m1

denote the monomer surface area and mass, respectively, � is a dimensionless
surface tension parameter, and

k∗ = π

6

(
4�

ln S

)3

is the number of condensable monomers in the critical size nucleus. Stable nuclei
undergo other dynamic processes such as coagulation and surface growth.

Since the saturation concentration of monomers is not known for most particulate
systems, calculation of the nucleation rate according to Eq. (2.5) is not always
unequivocal. This problem can be overcome if the monomers themselves are
considered as nuclei, while the concentration of monomers can be calculated from
the kinetics of the corresponding chemical reactions [47]. In this case N1 = N′

1 and
the last two terms in Eq. (2.1) corresponding to surface growth can be omitted.

2.3.2
Coagulation/Aggregation

Owing to strong van der Waals forces, collisions between nanometer-sized particles
lead to particle sticking and the formation of new particles. This process is called
coagulation if the resulting particles are spherical, which means that the colliding
particles are liquid or complete sintering is very fast. Equation (2.1) can then be
rewritten in the form [48]:

dNk

dt
= 1

2
ρg

k−1∑
j=1

βk−j,jNk−jNj − ρgβk

∞∑
j=1

βk, jNj (2.6)

Analytical solutions of Eq. (2.4) for total particle number concentration and particle
size distribution can be found only for comparatively simple forms of β [49, 50].
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Depending on the particle size, coagulation or aggregation is caused by Brownian
motion, by particle diffusion, or by a combination of these mechanisms (see also
Chapter 1). Collisions of small particles (Knudsen number Kn = 2λg/d > 10, with
λg being the mean free path of gas molecules, d the particle diameter) are caused
mainly by ballistic reasons, and the coagulation kernel for two spherical particles
with diameters di and dj is determined as the product of their relative thermal
velocity vi,j and projected surface:

βi, j = 1

4
πvi, j(di + dj)

2 (2.7)

In Eq. (2.5)

vi, j =
√

v2
i + v2

j and vi =
√

8kBT

πmi

kB is the Boltzmann constant, T is the fluid temperature, and m is the particle mass.
Equation (2.7) is also known as the coagulation kernel for the free molecular regime.
For Kn ≤ 1 (near-continuum regime), particle collisions are caused by diffusion, and
the coagulation kernel can be calculated as

βi, j = 2π (Di + Dj)(di + dj) (2.8)

where Di is the particle diffusion coefficient for a spherical particle of diameter di,
which is determined as

Di = CSkBT

3πηdi

η is the dynamic gas viscosity, CS is the slip correction factor [51], and

CS = 1 + Kn
(

A1 + A2 exp
(

−2A3

Kn

))
Allen and Raabe [52] used an improved Millikan apparatus and determined the
values A1 = 1.142, A2 = 0.558, and A3 = 0.4995. For Kn ≤ 0.1, the slip correction
factor CS ≈ 1 (continuum regime).

Equations (2.7) and (2.8) leave a gap in the calculation of the coagulation kernel
for the particle size range 1 < Kn < 10. This gap is filled by a well-established
interpolation formula [53] in aerosol science, which shows good accuracy across the
entire particle size range:

βi, j = πDi, j(di + dj)
(

di + dj

di + dj + 2�i, j
+ 8Di, j

vi, j(di + dj)

)−1

(2.9)

where

�i, j =
√

�2
i + �2

j , �i =
(

1
3diλi

) (
(di + λi)3 − (d2

i + λ2
i )3/2) − di,

λi = 8Di

πvi
, and Di, j = Di + Dj.
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Equation (2.7) can be rearranged in the form

1

βi, j
= 1

2kBT

3η

(
CS,i

di
+ CS,j

dj

) (
di + dj + 2�i, j

)
︸ ︷︷ ︸

modified near - continuum

+ 1
1
4
πvi, j(di + dj)2︸ ︷︷ ︸

free molecular

(2.10)

which shows its interpolation nature much more clearly. Indeed, Fuchs’ expression
is a harmonic mean built by the coagulation kernel for the free molecular regime
and by the modified coagulation kernel for the near-continuum regime. To simplify
calculations, some authors [46] use the harmonic mean of the coagulation kernels
according to Eqs. (2.7) and (2.8) without taking into account modifications. The
error in calculation of the coagulation kernel is demonstrated in Figure 2.4. A more
detailed analysis on the accuracy of different expressions for coagulation kernel
was presented by Otto et al. [54].

For electrically charged particles, the Coulomb forces have to be considered and
the coagulation kernel ought to be corrected by

βi, j;el = βi, j

Wp,q
i, j

(2.11)

where Wp,q
i, j is the stability function [53]

Wp,q
i, j = −1 − exp(κ)

κ
, with κ = 2pqe2

4πεε0(di + dj)kBT
(2.12)

and p and q are the numbers of elementary charges on particles i and j, respectively.
Expressions (2.7)–(2.12) have been derived for spherical particles. Though

Eq. (2.9) can be extended to the case of elliptically shaped particles, particle
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Figure 2.4 Coagulation kernel for equally sized spherical
particles (T = 1273 K; η = 3.8 × 10−5 Pa s; particle density
1000 kg/m3; λg = 292 nm).
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morphology in nature and technology is much more complex (see Chapter 1). As
already mentioned, solid particles originating from high-temperature processes are
usually aggregates composed of numerous nearly spherical primary particles. If
size uniformity of primary particles is assumed, the diameter of the aggregate can
be expressed by means of the fractal dimension Df as [55]

B

(
d

d0

)Df
= np (2.13)

where Np is the number of primary particles with diameter d0, and B is a constant
(1 ≤ B ≤ 1.4). Though experimental studies point to B = 1.23, the value B = 1 is
taken in most cases. Since the coagulation kernel in Eqs. (2.7)–(2.11) is a function
of the diameters and masses of the colliding particles, for a fractal aggregate i with
a number of primary particles np,i and density of particulate material ρp, one can
write

mi = π

6
ρpnp,id

3
0 and di = d0

(np,i

B

)1/Df
(2.14)

Fractal aggregates with diameters calculated according to Eq. (2.14) have higher
coagulation rates as compared to spherical particles of the same volume.

Equations (2.7)–(2.10) are valid for diluted aerosol. This means that particle mass
concentrations are far below 1% of the mass of the carrier gas. This assumption
allows the influence of the particle motion on the momentum of the gas molecules
to be neglected. As shown by numerical simulations [56], the coagulation kernel
in concentrated aerosols depends on the loading and exceeds the values calculated
according to Eqs. (2.7)–(2.9).

2.3.3
Surface Growth Due to Condensation

If the GDE in the form of Eq. (2.1) is used, there is no special need for a detailed
description of the surface growth mechanism. Indeed, the last two terms in Eq. (2.1)
are very similar to coagulation terms. Calculation of the collision frequency for
particles and monomers β ′ can be performed according to Eq. (2.7), if monomer
size and mass are used instead of the size and mass of one of the colliding particles.

2.3.4
Sintering

Equation (2.1) is written for spherical coalescing particles, which do not change
their shape. However, solid fractal-like particles can change their shape at elevated
temperatures [57, 58]. These changes in particle shape are commonly known
as sintering or restructuring. As depicted in Figure 2.5, there are two different
mechanisms taking place within aggregates at elevated temperatures. The first
mechanism is characterized by restructuring of the aggregate without changing
the surface area of the composing particles and the entire aggregate. The sec-
ond mechanism is characterized by slow coalescence of the composing primary
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Restructuring

Sintering

Figure 2.5 Particle restructuring and sintering.

particles, with a corresponding change in the aggregate surface area. For an aggre-
gate of two spherical primary particles, the change in the particle surface area due
to the sintering can be described by the following equation:

ds

dt
= − 1

τS
(s − sCS) (2.15)

where s is the particle surface area, sSC is the surface area of the completely sintered
particle (volume-equivalent sphere), and τS is the characteristic sintering time. The
characteristic sintering time depends on the diameter of the primary particles, and
on the particle temperature and material [59]:

τS = DSdm
0 exp

(
EA

RT

)
(2.16)

where DS and EA are diffusion coefficient and activation energy, respectively. The
factor m in Eq. (2.16) depends on the sintering mechanism. For example, for
fumed silica, Xiong et al. [60] determined m = 1, while for fumed titania m = 4
was reported by Kobata et al. [61].

Under the assumption of fractal aggregates undergoing sintering, Eq. (2.3) could
be rewritten as

dS

dt
= ρg

∞∑
k=1

akJ(t)δi,k − 1
τS

(
S −

∞∑
k=1

sCS,k

)

+ πρg

∞∑
k=1

β ′
1,knp,k

((
d3

0 + (
d′

1

)3
)2/3

− d2
0

)
N′

1(t)Nk (2.17)

Of course, Eq. (2.17) can be split into equations for each size fraction in a similar
way to Eq. (2.1).
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2.3.5
Charging

Heating of various materials is often accompanied by charge emission. Depending
on the composition of the material, high-temperature aerosols can emit numerous
elementary charges to an ambient gas due to thermionic emission. These elementary
charges are picked up by the gas molecules, which form gas ions. A strong
electrostatic interaction between highly charged particles and oppositely charged
ions determines the intensive dynamics of such a system. The influence of
electrical effects on the dynamics of high-temperature aerosols was reported by
Vemury and Pratsinis [62] and by Katzer et al. [63]. The first detailed study on
thermionic charging of aerosol particles was presented by Schiel et al. [64]. Under
the assumption that thermionic emission by particles is the only ion source,
the dynamic behavior of the charging process for a polydisperse aerosol can be
described by the following system of differential equations (see also [65]):

dn−
ion

dt
=

∑
i

q=qmax∑
q=qmin

ϑ
q→q+1
i Nq

i − ρgn−
ion

∑
i

q=qmax∑
q=qmin

β
q→q−1
i Nq

i (2.18)

dNq
i

dt
= ϑ

q−1→q
i Nq−1

i − ϑ
q→q+1
i Nq

i + ρgn−
ionβ

q+1→q
i Nq+1

i − ρgn−
ionβ

q→q−1
i Nq

i

(2.19)

Equations (2.18) and (2.19) represent the balance equation for the concentrations of
negative ions n−

ion. It is assumed that all ions have one negative elementary charge
and equal mass. Equation (2.20) is the balance equation for the aerosol fraction
Nq

i with particle diameter di and charge q. All terms on the right-hand side of
Eq. (2.19) account for changes in fraction Nq

i due to different charging processes.
The frequency of ion–particle collisions is determined by the ion concentrations and
the ion attachment coefficient β

q
i . Ion production by particles is expressed by the

combination coefficient ϑ
q
i . Coagulation, electrostatic dispersions, and so on are not

considered in Eqs. (2.18) and (2.19) (see [66]).
For spherical particles of radius rp, the ion attachment coefficient βq→q−1 is

determined as [67]:

βq→q−1 = 4πrpDion

4rpDion

δ2vionαcoll
exp

(
φ(δ, q)
kBT

)
+

∫ rp/δ

0
exp

(
φ(rp/y, q)

kBT

)
dy

(2.20)

Here Dion is the diffusion coefficient for ions, vion is the mean ion thermal velocity,
and αcoll is the collision parameter [67]. The parameter φ(l, q) is the interaction potential
between an ion and a q-charged particle, which is determined by superposition of
the Coulomb and image forces. For negative ions,

φ(l, q) = e2

4πε0


−q

l
− K(l)

r3
p

2l2
(

l2 − r2
p

)

 (2.21)
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where K is a material-dependent function and l is the distance from the particle.
Parameter δ in Eq. (2.20) is the radius of the adsorbing sphere [67]:

δ = rp

Kn2
ion

(
(1 + Knion)5

5
−

(
1 + Kn2

ion

)
(1 + Knion)3

3
+ 2

(
1 + Kn2

ion

)5/2

15

)
(2.22)

in which Knion is the Knudsen number for ions.
The combination coefficient ϑ

q
i is a function of the particle size, charge, and

material. According to the Richardson equation, for spherical particles of radius rp

the combination coefficient ϑq→q+1 is determined as

ϑq→q+1 = 4πr2
pAT2 exp

(
−�q→q+1

kBT

)
(2.23)

where �q→q+1 is the work function that must be overcome by an electron to escape
from the surface of a spherical particle with q elementary charges [68]:

�q→q+1 = �∞ + e2(q + 1)

4πε0rp
− 5

8

e2

4πε0rp
(2.24)

The constant A in Eq. (2.23) is determined as

A = 4πmelk2
B

h3
= 7.49 × 1024 m−2 s−1 K−2

with mel being the mass of the electron and h the Planck constant.
Equations (2.18) and (2.19) with the combination coefficient and ion attachment

coefficient according to Eqs. (2.20) and (2.23) can only be solved numerically if no
simplifying assumptions are made. So, if stationary conditions are reached, for any
size fraction i, the charge fractions Nq

i are related to each other by

Nq
i

Nq−1
i

= ϑ
q−1→q
i

n−
ionβ

q→q−1
i

(2.25)

The expression for the maximum possible charge achievable by a monodisperse
aerosol with particle radius rp at isothermal conditions without external ion sources
after making simplifying assumptions for the combination coefficient and ion
attachment coefficient can be written as [69]

qmaxNDione2

ε0kBT
= 4πr2

pAT2 exp

(
−�∞ + qmaxe2

/
(4πε0rp)

kBT

)
(2.26)

As follows from Eq. (2.26), the maximum possible charge state depends on the
particle size, the carrier gas temperature, the particle material (work function), and
the particle number concentration. The influences of the particle number concen-
tration, particle size, and work function of the particle material are demonstrated
in Figure 2.6 for a carrier gas temperature of 1500 K.
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Figure 2.6 Maximum particle charge due to thermionic
charging at T = 1500 K as a function of (a) particle size and
(b) work function of particle material.

2.4
Particle Tailoring in High-Temperature Processes

As already mentioned, Eq. (2.1) can be solved analytically in only a few special
cases, which are usually not representative of real conditions. Various techniques
for simulation of particle dynamics have been developed over the past 20 years [70,
71], but implementation of these methods is quite a challenging task, especially
in the case of multivariate systems and different simultaneous dynamic processes.
However, the estimation of the expected tendencies for the resulting particle size
distributions after changing parameters such as precursor concentration, carrier
gas temperature, residence time in high-temperature zone or cooling rate can
be done by comparatively simple methods. As a result, Eqs. (2.2) and (2.4) can
be rewritten under the assumption of constant coagulation kernel and constant
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nucleation rate, while nucleation takes place only during some restricted time
interval, and surface growth by condensation and sintering is neglected:

dN

dt
= −1

2
ρgβN2 + J0, if t < t nucl; dN

dt
= −1

2
ρgβN2, if t ≥ t nucl (2.27)

dM

dt
= ρgm0J0, if t < t nucl; dM

dt
= 0, if t ≥ t nucl; (2.28)

Nt=0 = 0; Mt=0 = 0 (2.29)

From these equations, the mean particle mass can be calculated as follows:

〈m〉 = M

N
;

〈m〉 = 1
2

m0
t√

2βJ0 tan h
(
t/

√
2βJ0

) , if t < t nucl;

〈m〉 = Mnucl

Nnucl

(
1 + 1

2
βNnucl (t − t nucl)

)
, if t ≥ t nucl

where Mnucl = M(t = t nucl), and Nnucl = N(t = t nucl).
Values of 〈m〉 for different nucleation rates J0 and for different values of β are

plotted in Figure 2.7. The increase of J0 leads to some increase in the mean particle
size if the same time interval is considered. The same effect is observed for β. From
the practical point of view, an increase in the nucleation rate can be interpreted as
an increase in precursor concentration, while an increase in the coagulation kernel
can be achieved by increasing the carrier gas temperature. Remarkably, the same
tendencies were observed in various experimental studies [8, 72]. Some analysis of
Eqs. (2.27) and (2.28) allows several important tendencies for particle design to be
deduced.

The mean particle size increases with increasing precursor concentration. The
precursor concentration has a direct impact on the nucleation rate and, conse-
quently, on the amount of particles produced. Higher nucleation rates lead to a
higher concentration of critical nuclei, while the size of the critical nuclei does not
vary much. This fact leads to more intensive coagulation and to more rapid particle
growth.

The mean particle size also increases with increasing temperatures and residence
times, which arises from increased particle coagulation kernels. If aggregated
particles are considered, the increase in the carrier gas temperature reduces the
characteristic sintering times, which leads to an increase in the primary particle
size. The same effect is also related to the residence time at higher temperatures.
In contrast, rapid cooling rates weaken the influence of the sintering process.

The influence of coagulation can be reduced by electrical repulsion if a significant
part of the aerosol is charged unipolarly [62]. Though thermionic emission can lead
to such a unipolar charge distribution, rapid discharging at lower temperatures has
to be taken into account.

The understanding of basic dynamic processes in high-temperature aerosol
systems and their interdependence allows the tailoring of particulate products
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Figure 2.7 Solution of Eqs. (2.27)–(2.29) for (a) different
nucleation rates and (b) different coagulation kernels
(T = 1273 K; η = 3.8 × 10−5 Pa s; particle density
1000 kg/m3; λg = 292 nm).

with respect to size, morphology, and composition. This opens possibilities for
manufacturing of new products, including new composites, and their applications.
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3
Aerosol Synthesis of Single-Walled Carbon Nanotubes
Albert G. Nasibulin and Sergey D. Shandakov

3.1
Introduction

3.1.1
Carbon Nanotubes as Unique Aerosol Particles

Carbon nanotubes (CNTs) are a unique family of materials exhibiting diverse
useful chemical and physical properties [1, 2]. The CNTs and especially single-walled
carbon nanotubes (SWCNTs) were found to have exceptional mechanical, thermal,
and electronic properties [1–3], which are strongly determined by their chiralities.
A brief summary of the physical properties of SWCNTs and materials made of
SWCNTs are collected in Table 3.1. SWCNTs are the strongest known material, with
exceptionally high Young modulus of elasticity and tensile strength [4, 5]. Both thermal
conductivity and electrical conductivity show remarkably high values. Nanotubes in
a polymer matrix significantly improve the thermal and mechanical properties of
the matrix material [6]. Taking into account the very high current density that the
tubes can withstand without destruction, up to 109 A/cm2, SWCNTs are believed
to be an ideal material to replace copper and aluminum in integrated circuits.
Semiconducting SWCNTs have electrical properties that are better than those of
any known semiconductors. The hole mobility in SWCNTs is higher than in silicon
metal–oxide–semiconductor field-effect transistors (FETs) and comparable to the
in-plane mobility of graphene [7]. The applications of SWCNTs in microelectronics are
not limited to the utilization of individual CNTs. Sub-monolayer random networks
or aligned arrays of SWCNTs could behave as a thin-film semiconductor with a charge
mobility of up to ∼2500 cm2V−1s−1 [8]. An obvious advantage of CNT utilization in
electronics is the possibility to create flexible and transparent components [8, 9].
Owing to their high specific surface area and developed microporous structure,
CNT materials can be widely applied as filters, electrodes, effective adsorbents and
absorbents, and so on [10].

CNTs have very interesting molecular structure. A SWCNT can be schematically
created by rolling up into a cylinder a single graphene layer, which consists of
carbon atoms packed in a honeycomb crystal lattice (Figure 3.1). Depending on
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Table 3.1 Physical properties of individual SWCNTs and materials made of SWCNTs.

Individual SWCNTs References

Young modulus of elasticity 300–1470 GPa (compared to 200 GPa for
high-strength steel)

[4]

Tensile strength 30–200 GPa (compared to 1–2 GPa for
high-strength steel)

[4, 5]

Thermal conductivity along
the tube

∼6600 W/m K (twice as high as that of
diamond)

[11]

Electrical resistance of
metallic CNTs

3 × 10−6 � cm at 300 K (compared to
2.82 × 10−6 � cm for Al and 1.72 × 10−6 � cm
for Cu)

[12, 13]

Maximum current density
(without destruction)

109 A/cm2 at theoretical limit of 1013 A/cm2

(compared to 107 A/cm2 for copper wire of
100 nm diameter)

[14–16]

Hole and electron mobilities (2–6) × 104 cm2/V s (compared to 450 and
1400 cm2/V s for Si at 300 K)

[17, 18]

Materials made of SWCNTs

Microporous structures Porous diameter: ∼0.7 to ∼2 nm

Specific surface area 1300 m2/g for closed CNTs; >2000 m2/g
for open CNTs

[10]

Young modulus of
composites

2.5 GPa for SWCNT–poly(ε-caprolactone)
composite (compared to 0.38 GPa for pure
polymer)

[8]

Composite electrical
resistance

106 � cm at 300 K (compared to 1015 � cm for
pure polymer)

[19, 20]

Composite heat conductivity 10 W/m K (compared to 0.1–1 W/m K for pure
polymers)

[19]

the method of rolling, one can get CNT structures with different helicities: achiral
(zig-zag and armchair) or chiral (Figure 3.2). The zig-zag and armchair nanotubes
correspond to chiral angles of 0◦ and 30◦, respectively. There is a simple rule for
the chiral indices (n, m), which allows the prediction of the electronic properties of
SWCNTs: if the indices are equal (n = m), then the tube has armchair structure and
possesses metallic properties; if (n − m)/3 gives an integer value, then the CNT is
semimetallic; otherwise, it is semiconducting, with a bandgap of Eg = 0.9/D eV,
where D is the tube diameter in nanometers [7].

The aerosol route is the most popular way to produce CNTs. All synthesis
methods can be classified according to the carbon atomization as physical or
chemical techniques. The physical method is associated with a high energy
input to the carbon source (graphite or carbon black) by either arc discharge,
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Figure 3.1 A schematic representation of the construction
of a zig-zag (10, 0) CNT by rolling a cylinder joining hexagon
(0, 0) and (10, 0). Lines also indicate the possibility of
creating the armchair (6, 6) and chiral (8, 4) tubes shown in
Figure 3.2.

Zig-zag Chiral Armchair

Figure 3.2 Examples of CNTs with different chiralities:
zig-zag (10, 0), chiral (8, 4), and armchair (6, 6).

laser, or induction heating evaporation [21–23]. For the synthesis of SWCNTs,
a small amount of metal catalyst is usually required. Chemical production is
based on the catalytic decomposition of carbon-containing precursors. An obvious
advantage of this method is the possibility of producing CNTs at relatively low
temperatures. The synthesis methods can be further divided into substrate-supported
chemical vapor deposition (CVD) [24–26] and aerosol-unsupported (free-floating
catalyst) CVD [27–30]. In the substrate-supported CVD process, the carbon precursor
decomposition and CNT formation take place on the surface of catalyst particles that
are supported on a substrate. The substrates can be aerosolized. In the free-floating
catalyst or aerosol-unsupported CVD method, the whole process takes place in the
gas phase or on the surface of catalyst particles suspended in the gas. As a catalyst,
typically transition metals such as Fe, Co, or Ni are used.
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3.1.2
History and Perspectives of CNT Synthesis

Intensive CNT research was initiated in 1991 by Sumio Iijima after his famous pub-
lication [31], in which he showed clear structures of double-walled and multi-walled
CNTs. Single-walled CNTs were independently discovered by Iijima and Ichihashi
[32] and Bethune et al. [21] in 1993. Nevertheless, investigations on CNTs (carbon
filaments or fibers) had been performed for many years before the described
events. The earliest paper that the authors could find, related to the synthesis
and observation of tubular carbon structures with a diameter of around 100 nm,
was published in 1946 by Watson and Kaufmann [33]. They examined cuprene,
the product of C2H2 polymerization over fine copper oxide catalyst below 300 ◦C.
Cuprene, the chemical formula of which can be represented as CxHy, was likely an
intermediate product between the carbon precursor and CNTs. In 1952 Radushke-
vich and Lukyanovich published the first clear transmission electron microscope
(TEM) images of 30–50 nm thick CNTs [34]. In 1960 Bacon investigated the growth,
structure, and properties of coiled graphite whiskers grown by arc discharge [35].
In 1975 Baker et al. finished their series of studies with a description of the first
mechanism of CNT growth, examining hydrocarbon decomposition over Pt–Fe
particles [36]. Oberlin et al. produced hollow carbon fibers with a diameter below
10 nm (admittedly a single- or double-walled CNT) using an aerosol growth tech-
nique [37, 38]. The crystallographic relationship between catalyst (FeCo and FeNi)
particles and grown carbon nanofibers was investigated in 1981 [39]. The same year,
a group of Soviet scientists reported the results of TEM observations of the product
of carbon monoxide (CO) disproportionation on an iron catalyst and suggested the
first chirality model of CNTs [40]. In 1984 Tibbets attempted to answer the question
‘‘Why are carbon filaments tubular?’’ He considered the energy change during
filament growth and explained the tubular structure formation as due to free-energy
minimization [41]. Further investigations of the growth [42] and applications [43] of
the CNTs and filaments proceeded intermittently until the boom of CNT research.

The wide interest in CNTs was caused by their diverse useful properties, which
provided various applications in many fields, such as emission technologies,
nanoelectronics, superstrong fibers, composite materials, catalysts, molecular wires,
straws, gears, switches, and photonic materials, and so on. It is believed that many
new applications for CNTs will be proposed in the very near future when this
material can be supplied on an industrial scale. So far, the ordinary utilization
of CNTs has been limited by their very high price [44]. Nowadays, the price
for purified SWCNTs remains quite high for many bulk applications (40 USD/g
from Kunming Guorui Nanotechnologies Co., China). In order to reduce the cost
significantly and to provide satisfactory quantities, development of the available
methods for CNT mass production is needed. The available techniques have been
successfully utilized to synthesize these materials in laboratory-scale quantities,
and only a few methods are able to manufacture SWCNTs in gram quantities.

The first success in producing substantial amounts of SWCNTs was achieved by
Bethune et al. in 1993 by the arc discharge method [21]. They used graphitic carbon
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with a small amount of cobalt catalyst. Smalley’s group succeeded in growing
high-quality SWCNTs at the 1–10 g scale by using laser ablation of a graphite
target placed in an oven [13]. Later, the same group developed another method
called the HiPco process [45], which will be discussed later. In 2000, the group led
by D.E. Resasco from the University of Oklahoma developed the CoMoCat method
utilizing Co- and Mo-impregnated fume silica particles in a CO atmosphere in a
fluidized bed reactor [46], commercialized by SouthWest Nanotechnologies, Inc. One
of the successful approaches for high-yield synthesis is based on the combustion
of hydrocarbon–oxygen–catalyst precursors. This method has been extensively
applied by different groups to synthesize SWCNTs [23, 47–50]. A Canadian group
from the University of Sherbrooke has recently developed a large-scale system for
the synthesis of SWCNTs using induction thermal plasma technology [23]. The
method is based on the direct evaporation of carbon black and metallic catalyst
mixtures in a radio-frequency plasma torch reaching extremely high temperature
(∼15 000 K). The 40 wt% purity SWCNT samples can be continuously synthesized
at a production rate of 100 g/h.

Analyzing the various techniques for the synthesis of SWCNTs, we believe that
aerosol-unsupported CVD methods have many advantages over other methods.
Arc discharge and laser ablation methods rely on evaporation of carbon from
solid carbon sources at temperature of 3000–4000 ◦C and therefore are very
energy-consuming methods. Additionally, the nanotubes synthesized by carbon
evaporation are in tangled forms, difficult to unbundle and purify. The CVD meth-
ods are operated at essentially low temperatures (about 600–1000 ◦C). From an
industrial point of view, for many applications it is desirable to produce and/or
directly deposit CNTs onto the required substrates, so that time-consuming steps
of CNT purification from the catalyst and support, dispersion, and deposition
processes are avoided. Therefore, the aerosol-unsupported CVD technique, which
allows the production of high-quality clean SWCNTs, is more preferable. Supple-
mentary advantages of the aerosol-unsupported method are the possibilities for
on-line control of CNT quality and separate individual and bundled CNTs. The
continuous CVD process is one of the most promising and powerful methods for
high-yield synthesis under controlled conditions.

We have restricted this chapter by considering only SWCNTs produced by
aerosol-unsupported CVD synthesis methods. Even though practically all synthesis
techniques (except substrate-supported CVD) deal with aerosolized catalysts and
CNTs, investigations of SWCNTs in the gas phase have widely been ignored.
Practically all methods are limited to CNT synthesis and the characterization of
the product. Evolution of CNT concentrations and aerosol particle diameters in the
gas phase during growth have very rarely been discussed. The first reactors that
allowed controlled aerosol-unsupported growth with subsequent investigations of
CNTs as an aerosol object were built in 2002–2003 in the NanoMaterials Group
(Helsinki University of Technology). In this chapter, two synthesis methods for
controlled production of SWCNTs, that is, the hot-wire generator (HWG) [29] and
the ferrocene-based method [30], will be described in detail.
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3.2
Aerosol-Unsupported Chemical Vapor Deposition Methods

Many groups have successfully utilized the aerosol-unsupported CVD method for
the laboratory-scale synthesis of SWCNTs. One of the most common ways to
produce SWCNTs is based on the thermal decomposition of ferrocene (usually
along with thiophene) dissolved in different carbon sources. A prototype of the
reactor was built and used for the growth of carbon fibers in the 1980s by Endo
[43]. An aerosol-unsupported continuous CVD method, in which SWCNTs are
grown from a benzene–ferrocene–thiophene mixture at a temperature of 1200 ◦C,
was developed in 1998 by Cheng et al. [51]. Rao and co-workers [52] and Bladh
et al. [28] produced SWCNTs by pyrolyzing C2H2 and CH4, respectively, in the
temperature range of 800–1200 ◦C. Iijima’s group at Japan’s National Institute
of Advanced Industrial Science and Technology has been actively working on
the growth of SWCNTs utilizing other different aromatic hydrocarbons [53].
Recently, a simple technique based on spray pyrolysis of ferrocene dissolved
in alcohols has been reported [54]. A similar method has been utilized by a
group led by A. Windle from Cambridge University for spinning fibers from
single-, double-, and multi-walled CNTs [55]. Synthesis of macro-scale amounts
of SWCNTs from a mixture of ferrocene–sulfur–acetylene was achieved by Xie
Sishen and colleagues at the Institute of Physics (Chinese Academy of Sciences)
[56].

For many purposes, the presence of impurities is the main concern limiting
the application of SWCNTs. Usually, as-produced SWCNTs contain undesired
by-products in the form of soot particles, amorphous carbon or unused catalyst.
Purification of the CNTs is very expensive and sometimes as expensive as the
production of the tubes. The amount of undesirable products can be decreased
by proper selection of experimental conditions and precursors. In particular,
non-graphitic carbon impurities can be avoided by utilizing CO as the carbon
source, which is known to disintegrate only on the surface of catalyst. Here, three
experimental techniques based on CO and utilizing different catalyst sources,
that is, iron pentacarbonyl (HiPco process) [45], ferrocene [28], and supersatu-
rated iron vapor in the HWG method [29] will be briefly described. In order to
demonstrate aerosol methods for the synthesis of SWCNTs, on-line monitoring
of the SWCNT products, gas-phase separation of the products, and studies of the
SWCNT growth mechanism, only the ferrocene-based and HWG reactors will be
considered.

3.2.1
The HiPco Process

The HiPco (high pressure CO) process was developed by Nikolaev et al. at Rice
University in 1999 [57]. Nowadays, this method is a well-known technique to grow
bulk quantities of SWCNTs. HiPco is based on CO disproportionation (Boudouard
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Figure 3.3 Schematic representation of the HiPco experimental setup.

reaction) according to

2CO ↼−−−−−−⇁ CO2 + C(s) (3.1)

on the surface of iron particles. The catalyst is generated in situ by the
thermal decomposition of iron pentacarbonyl (Fe(CO)5) in the reactor heated to
1000–1200 ◦C. The HiPco process occurs at high CO pressures (up to 50 bar),
which significantly increases the CO disproportionation rate and thus enhances
the SWCNT yield.

A schematic of the HiPco reactor is shown in Figure 3.3. A flow of cold Fe(CO)5

vapor containing CO is introduced into the reactor through a nozzle and turbulently
mixed with a hot CO flow. The SWCNTs produced are collected by filtering the
gas flow. The gaseous product, CO2, is removed by passing the flow through
molecular sieves. The CO gas is purified, compressed, and introduced into the
reactor. Recirculation is needed due to the very low CO conversion – typically the
mole fraction of CO2 does not exceed 0.005% at the outlet of the reactor. The HiPco
process allows the production of SWCNT material with a purity up to 97% at a
rate of about 500 mg/h [58]. Recently, the HiPco process was applied to produce
SWCNTs by thermal decomposition of ferrocene vapor without additional carbon
sources [59].

3.2.2
Ferrocene-Based Method

The ferrocene-based method is also based on the catalytic CO disproportionation
reaction (3.1). The main differences between this method and the HiPco process
are the catalyst precursor source, the ambient pressure, and the laminar flow
in the reactor. Utilization of ferrocene as a catalyst precursor allows high-quality
SWCNTs to be produced in the temperature range of 600–1150 ◦C [30]. Ferrocene
is vaporized at room temperature by passing CO (at a flow rate of 300 cm3/min)
through a cartridge filled with ferrocene powder (Figure 3.4). The flow containing
ferrocene vapor (0.8 Pa) is then introduced into the high-temperature zone of the
ceramic tube (internal diameter 22 mm) reactor through a water-cooled probe and
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Figure 3.4 Schematic representation of the
ferrocene-based reactor.

mixed with an additional CO flow (100 cm3/min). The outlet of the water-cooled
probe is at the wall temperature of around 700 ◦C, which is needed for fast heating
of the vapor–gas mixture and the production of tiny catalyst particles. In order
to enhance the yield, usually a small amount of water vapor (around 50 ppm) or
CO2 (around 600 ppm) is introduced into the reactor. The SWCNTs are collected
either by filtering the flow for macroscopic investigations or by an electrostatic
precipitator (ESP) for observation by transmission electron microscopy (TEM) or
scanning electron microscopy (SEM). The distribution of aerosol CNT particles
can be measured by a system comprising a differential mobility analyzer and
a condensation particle counter. The gaseous composition of the products is
measured by a Fourier-transform infrared (FTIR) spectroscopy system.

Raman measurements and TEM observations detected high-purity SWCNTs. As
an example, Raman measurements carried out with 633 and 488 nm excitation
wavelength lasers from a sample collected at 800 ◦C are shown in Figure 3.5.
The existence of a radial breathing mode (RBM) in the low-frequency region
(100–200 cm−1) and the strong G-band (with peak at 1592 cm−1) in the collected
Raman spectrum indicate the formation of SWCNTs. A notable characteristic of the
collected spectrum is a weak D-band (around 1300 cm−1), indicating a low fraction
of disordered carbon in the product. Depending on the experimental conditions,
the diameters of the CNTs produced by this method can be varied from 1.1 to
2.0 nm.
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Figure 3.5 Raman spectra of SWCNTs synthesized in the ferrocene-based reactor.

3.2.3
Hot-Wire Generator

The HWG method is an original method developed in the NanoMaterials
Group (Helsinki University of Technology) for the growth of SWCNTs [29] and
multi-walled CNTs [60]. This method is based on the introduction of pre-made
catalyst particles into the reactor and mixing them with the carbon source. A
ceramic tube, with 22 mm internal diameter, inserted inside a furnace, is used
as the laminar flow reactor (Figure 3.6). The HWG, which is a resistively heated
thin iron wire (0.25 mm diameter), was placed inside a ceramic tube (with external
and internal diameters of 13 and 9 mm) inserted inside the reactor to maintain
inert conditions for catalyst particle formation. The outlet of the HWG tube was
placed at the location with a wall temperature of around 400 ◦C. The iron particles
produced in the HWG tube were carried in a N2/H2 (or Ar/H2) mixture with mole
component ratio of 93/7 at a flow rate of 400 cm3/min and mixed with the outer
400 cm3/min CO flow. Inside the reactor, in addition to the Boudouard reaction
(3.1), the following CO hydrogenation reaction occurs:

CO + H2 ↼−−−−−−⇁ H2O + C(s) (3.2)

Downstream of the reactor, a porous tube dilutor (12 l/min) was used to decrease
CNT bundling and to prevent product deposition on the walls by thermophoresis
and diffusion. The reactor is operated at ambient pressure. The average residence
time inside the reactor is about 2–3 s. In order to preserve the conditions for
SWCNT formation, a small amount of etching agents, such as water vapor or
carbon dioxide, can be added [61]. An important characteristic of this process is
the efficiency of utilization of catalyst material. Practically all the catalyst particles
initiate the growth of CNTs. The concentration of CNTs grown in the reactor
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as well as the morphology of the products can be easily varied by changing the
concentration or activation degree of the catalyst particles [60]. Depending on the
experimental conditions, the diameter of the CNTs is determined by the catalyst
particle size and varies from 1.1 to 1.4 nm [62].

3.3
Control and Optimization of Aerosol Synthesis

3.3.1
On-Line Monitoring of CNT Synthesis

Despite progress in the synthesis of CNTs, their detection has typically been
realized only by SEM, TEM, or spectroscopy methods (for example, Raman,
photoluminescence or optical absorption). These techniques generally require
additional work, they are time- and resource-consuming, and they do not give
direct feedback to the synthesis process. In order to provide on-line information
on the reactor process conditions, differential mobility analysis (DMA) technology
was adapted [63].
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The DMA technique is widely used in the field of aerosol science for particle
number size distribution (NSD) measurements and is based on the size classifica-
tion of charged aerosol particles according to their electrical mobility in an electric
field [64]. Particles with selected electrical mobility after the DMA are introduced
to the condensation particle counter (CPC) for the concentration measurements.
Scanning the voltage (typically applied to the internal electrode) enables the selected
particle size to be changed within the range regulated by DMA sheath flow rate,
voltage, and geometry.

Figure 3.7 shows an example of the NSDs of the product coming from the
reactor under conditions in which the product consists of either inactive cat-
alyst particles or bundles of SWCNTs. A clear difference in the NSDs can
be seen in both ferrocene-based and HWG reactors. The total aerosol concen-
tration drops about two to three times and the geometric mean diameter is
shifted to larger sizes when the reactor parameters change from inactive to
active conditions for SWCNT growth. This on-line technique significantly facil-
itates the execution of experimental work, especially when the parameters are
tuned to find appropriate conditions for SWCNT growth. It is worth noting
that the geometric mean diameters corresponding to the conditions of CNT
growth in ferrocene and HWG reactors (100 and 35 nm, respectively) are de-
termined by the geometry of the product (typically bundles) and do not give
direct information about the length and diameter of the SWCNTs produced.
The description of the theoretical approach to the mobility of non-spherical
particles in an electric field has been reported elsewhere [63]. The correlation
between electrical mobility size measured with the DMA and physical size of
high-aspect-ratio objects such as multiwalled CNTs and nanowires was considered
in [65].
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3.3.2
Individual CNTs and Bundle Separation

Ideally, even one SWCNT with a certain chirality placed in a certain location
is sufficient for many applications, such as an FET, memory device, quantum
wire, or logic gate circuit. Therefore, methods for the controllable synthesis of
individual CNTs are extremely desirable. However, this is still a challenging
task, since CNTs tend to bundle spontaneously, and, as a result, most of the
CNT synthesis methods produce bundled tubes. In order to exfoliate the bun-
dles, additional steps of CNT functionalization, ultrasonication, and deposition
are required. Isolated and individual CNTs can be synthesized by the substrate
CVD method. Nevertheless, the requirement to use high growth temperatures
(between 400 and 1000 ◦C) inevitably limits the utilization of temperature-sensitive
substrate materials and the simple integration of CNTs into nano-scale electronic
devices.

A one-step process for the gas-phase CVD synthesis, in situ separation, and
deposition of individual SWCNTs on a wide variety of substrates at ambi-
ent temperature has been developed. This approach is based on spontaneous
charging of CNTs during their bundling in the gas phase [66, 67]. Charged
CNTs were removed from the gas by passing them via an electrostatic filter
(ESF). The remaining non-charged fraction was found to consist of individual
CNTs, while the filtered charged fraction of the CNTs were bundled. The col-
lection of the individual CNTs can be realized by thermophoresis or by utilizing
a corona charger ESP. This opens new avenues for the direct integration of
individual CNTs into molecular electronics based on both conventional oxidized
silicon substrates and temperature-sensitive materials, for example, for flexible
electronics.

3.3.3
CNT Property Control and Nanobud Production

Initial experimental investigations revealed unstable CNT production in the HWG
and ferrocene-based reactors. Analysis of the experimental data showed that the
difficulties were associated with the reactor wall conditions. It was found that, in
order to provide stable CNT synthesis, the walls needed to be saturated by the
catalyst material. Practically, this could be achieved either by deposition of the
catalyst particles on the reactor walls or simply by using a reactor tube made of
the catalyst material. Further investigations revealed the essential need for the
presence of small amounts of etching agents (CO2 or H2O vapor) for the successful
synthesis of CNTs [61, 68].

By varying the concentration of H2O vapor or CO2 introduced into the CNT
reactor, SWCNTs covered with covalently attached fullerenes were synthesized.
This material was termed carbon nanobuds, since the fullerenes on the surface
of the SWCNTs were reminiscent of buds on a branch [69]. The introduction
of H2O and CO2 into the ferrocene reactor revealed that the optimum reagent
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Figure 3.8 Effect of water vapor concentration in the ferrocene reactor at 1000 ◦C.

concentrations were between 45 and 245 ppm for H2O (see Figure 3.8) and
between 2000 and 6000 ppm for CO2. Atomistic calculations based on density
functional theory showed the possibility of the existence of fullerenes covalently
bonded to the SWCNTs by [2+2] and [4+4] cycloaddition as well as the formation
of one-body SWCNT–fullerene hybrid structures (Figure 3.9). Nanobuds possess
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Figure 3.9 Bonding scenarios of fullerenes with
SWCNTs: (a) [2+2] and (b) [4+4] cycloaddition; (c) and
(d) SWCNT–fullerene hybrid structures. The relative bind-
ing energy of the individual atoms is reflected in the color
for (a)–(d). (Courtesy of Dr A.V. Krasheninnikov.)
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advantageous properties compared to SWCNTs or fullerenes alone, or in their
non-bonded configurations. For instance, this structural arrangement of highly
curved fullerenes and inert, but thermally and electrically conductive, CNTs was
shown to exhibit enhanced cold electron field-emission properties [69]. Additionally,
higher reactivity due to the presence of fullerenes opens new possibilities for the
functionalization of SWCNTs. Furthermore, the attached fullerene molecules could
be used as molecular anchors to prevent slipping of SWCNTs in composites. Owing
to the charge transport between SWCNTs and functionalizing fullerenes, both the
electrical and optical properties of the material can be tuned.

3.4
Carbon Nanotube Bundling and Growth Mechanisms

3.4.1
Bundle Charging

Commonly, for the DMA measurements, a radioactive bipolar charger is utilized
for the artificial charging of the aerosol particles. It was observed that CNTs
synthesized in both the ferrocene and HWG systems were naturally charged.
Aerosol mobility size measurements were presented in two different ways: as
distributions and as spectra. The mobility size distributions were measured by pass-
ing the aerosol-containing flow through a radioactive charger, and then a typical
inversion procedure was performed to calculate the real aerosol concentration,
assuming equilibrium charging in the charger [70]. Spectra in which the concentra-
tion of the naturally charged aerosol was not subjected to the inversion procedure
were obtained without the charger. The mobility diameter, D, was calculated assum-
ing a spherical shape and a single charge of aerosol particles on the basis of the
Millikan equation [71].

Aerosol size distribution measurements of charged and non-charged CNTs
showed that, depending on the concentration of CNTs in the HWG reactor, a
certain fraction of the CNTs are charged. The higher the total concentration, the
higher is the fraction of charged CNTs [67]. The tubes produced in the ferrocene
reactor were practically all charged due to higher CNT concentration. The fraction
of charged CNTs was determined on the basis of DMA size mobility measurements
using an 85Kr charger. Electrically neutral and all (neutral and charged) aerosol
CNTs were measured after the ESF, where the potential was or was not, respectively,
applied. The concentration of charged CNTs was detected to be 92% at 800 ◦C, 99%
at 1000 ◦C, and 98% at 1150 ◦C. An example of the NSD and spectra obtained after
the reactor at 1150 ◦C is shown in Figure 3.10. The CNTs were found to be charged
both positively and negatively. At a temperature of 800 ◦C the concentration of
negatively charged ions was about six times higher than that of positive CNTs.
Increasing the reactor temperature to 1000 ◦C resulted in an increase of the fraction
of positively charged CNTs: the difference decreased to a factor of 2. At 1150 ◦C,
the spectra of both negative and positive polarities were very similar.
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Figure 3.10 (a) Number size distributions of all and
non-charged fraction of CNTs. (b) Mobility spectra of
negatively and positively naturally charged CNTs. The
measurements were carried out after formation in the
ferrocene reactor operating at 1150 ◦C.

In order to detect the charging degree of the naturally charged CNTs, two
different DMAs in tandem were utilized in the aerosol experiments [72]. The
results of the Gaussian function fittings for 80 nm mobility-selected CNTS showed
that the CNTs possessed from one to five elementary charges (Figure 3.11), which
indicated non-equilibrium charging of the CNTs.

In order to examine the nature of the ions that were emitted from the CNTs
and thereby were responsible for CNT ionization, laser desorption ionization
time-of-flight (LDI-TOF) measurements of the CNT samples were carried out.
Carbon-containing ions (C6OH3

+, C7O2H3
+, and C9O2H9

+) were found to be
responsible for the negative charging of the CNTs. The positive charging occurs
because of electron emission. The bundle can become charged due to the emission
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of electrons and ions by dissipation of the released van der Waals energy during
CNT bundling. For instance, the bundling of two armchair (10, 10) nanotubes leads
to the total energy decrease as high as 0.95 eV/nm. Considering that the average
length of our bundles is larger than 100 nm, bundling is expected to result in a very
high energy release.

3.4.2
Growth Mechanism

The mechanism of CNT growth is usually investigated ex situ by studying the
products prepared under different experimental conditions. Another approach to
examine the mechanism of SWCNT formation, which can be easily realized in
the aerosol technique, is to sample in situ from different locations in the reactor
[68, 73]. These allow one to follow the changes in product morphology, state,
chemical composition of catalyst particles, and length of the CNTs [73].

For in situ sampling, a stainless-steel rod with a TEM grid attached to the top
was rapidly inserted into the reactor and held in a steady position for 30 s. The
product was collected due to the thermophoretic forces between the hot reactor’s
atmosphere and the cold sampling rod. Aerosol product samples were taken from
different positions inside the reactor. Multiple measurements made from TEM
images determined the average length of the SWCNTs at different locations in the
reactor. On the basis of the CNT lengths, temperature, and residence time in the
reactor, the average growth rate of the SWCNTs was calculated. The calculations
showed that the growth rate of the CNTs varied from 0.67 to 2.7 µm/s when
the temperature changed from 804 to 915 ◦C. The activation energy was found
to be Ea = 134 kJ/mol, which was close to the values reported in the literature
for multi-walled CNTs, and could be attributed to the activation energy for the
diffusion of carbon atoms in bulk solid iron with concentrations of carbon from
0.1 to 1 mass% [73].

Even though the catalyst particles are very small, the fact that they are in the solid
state can be confirmed by calculations on the basis of the Kelvin equation:

Tm = T0 exp
(

− 2σslV

r�Hfus

)

Here Tm is the melting temperature for a given particle of radius r; T0 is the bulk
melting temperature (1535 ◦C); �Hfus is the latent heat of fusion (13.8 kJ/mol);
V is the volume of a metal molecule, which can be calculated from the density
(7.87 × 103 kg/m3); and σsl is the surface tension between the liquid and solid (0.86
J/m2). As can be seen from Figure 3.12, the catalyst particles of around 4.5 nm in
the temperature range of 804–915 ◦C should be in the solid state [73].

The shape of the catalyst particle determines the probability of the carbon atoms
being on the surface. The particle shape is not always ideally spherical, and in
addition to being convex can also contain concave regions, where the particle surface
curvature is negative. In general, a system adopts a configuration that minimizes
the surface energy. Owing to the diffusion process, the system continually changes
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Figure 3.12 The effect of particle curvature on the melting
temperature and carbon solubility in iron.

and tends to occupy lower potential energy level. Therefore, the probability of
carbon atoms being on the negative-curvature surface is higher since then carbon
would get more neighbors compared to on convex regions. Therefore, excess
carbon dissolved in a particle can preferentially segregate to regions with negative
curvature. The existence of concave regions in the particles and the segregation
conditions were observed during our TEM investigations and could be easily seen
during in situ TEM studies of CNT growth [74, 75].

The results of the kinetic studies, which determined the limiting stage for CNT
growth (carbon diffusion through the solid catalyst particle), TEM observations,
and calculations allowed us to propose a mechanism for CNT nucleation and
growth (Figure 3.13). The nucleation of CNTs is believed to occur from solid iron
supersaturated by carbon. A concave region, where carbon segregation can occur
preferentially, is created in the particle (Figure 3.13a). Carbon released on the
surface forms a graphitic cap (Figure 3.13b), a CNT nucleation site. The CNT starts
to grow by feeding carbon into the concave regions, where the carbon atoms are
consumed due to incorporation into the hexagonal CNT network. This leads to
the creation of a carbon concentration gradient in the particle, which provides a
continuous flux of carbon atoms through the catalyst particles from the surface to
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Figure 3.13 Schematic representation of CNT nucleation
and growth. (Courtesy of Anton Anisimov.)
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the region of CNT growth. The concave region is preserved by the growing CNT,
since the CNT walls are much stiffer than the iron particle. Part of the particle
embedded inside the growing CNT in the initial stage (Figure 3.13c) is pulled
out from inside of the CNT due to the surface tension of the catalyst particle
(Figure 3.13d). Figure 3.13e corresponds to the conditions of steady-state growth of
CNTs. It is worth mentioning that the proposed mechanism (Figure 3.13) is valid
not only for SWCNTs, but also for the growth of multi-walled CNTs synthesized
by the substrate CVD method [74, 75].

3.5
Integration of the Carbon Nanotubes

The main advantage of the considered aerosol methods is the possibility to
directly integrate the CNTs into some applications without time-consuming sample
purification, dispersion, and subsequent deposition. Since the CNTs are clean, they
can be directly utilized in the form in which they come from the reactor. Since the
CNTs are collected at room temperature, they can be deposited onto any substrate,
including temperature-sensitive polymers. CNTs can be directly deposited onto
the desired substrate by applying either thermophoretic or electrophoretic forces,
or they can be simply filtered and subsequently transferred onto the secondary
support.

Collection of CNTs from the gas phase can also be carried out using a ther-
mophoretic precipitator. Thermophoresis is a physical phenomenon in which
aerosol particles, subjected to a temperature gradient, move from high- to
low-temperature zones [76]. A thermophoretic precipitator employs an electri-
cally heated top plate (120 ◦C) and a water-cooled bottom plate (10 ◦C) with
an aerosol sample flow through a gap between the plates [77]. Substrates
for SWCNT collection are placed on the cold plate. Collection of both neu-
tral and electrically charged CNTs from the gas phase onto substrates can
also be carried out at ambient temperature using a point-to-plate ESP (Intox
Products, New Mexico, USA). In this device, CNTs are charged in a corona
discharge that ionizes the gas and creates a small current between the two
plates. Charged SWCNTs can also be collected on a substrate to which a cer-
tain potential is applied. This type of ESP is a cylindrical chamber with an
inner horizontally positioned metal electrode, where the substrate is placed
[78].

Deposited individual CNTs have been utilized to create high-efficiency FETs.
Transistors made out of CNTs are known to have very high mobilities, but usually
exhibit large hysteresis [79]. Nevertheless, the unwanted hysteresis in FETs could
be successfully utilized in memory devices. Rinkiö et al. [80] showed high-yield
memory elements with an ON/OFF ratio up to 105 using a nanometer-thick gate
dielectric deposited by atomic layer deposition.

Devices built on individual CNTs allow the study of the properties of tubes
and are very important from the scientific point of view. However, they are
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resource- and time-consuming to manufacture and very difficult to manipulate.
Usually, electron-beam and multiple-step nanolithography processes are required.
However, for many applications, group properties of CNTs can be utilized. The
uniformity of CNT properties is achieved by statistical averaging over a number
of individual tubes comprising the network. This gives reproducible electrical
behavior over larger length scales in comparison to individual CNTs, whose
tube-to-tube variations in chirality, position, and orientation constitute a major
fabrication obstacle [83]. Recently, a fabrication method for high-performance
FETs based on SWCNTs deposited from an aerosol reactor was developed [83]. Two
types of thin-film transistor structures have been fabricated to evaluate the FET
performance of SWCNT films: bottom-gate transistors on Si/SiO2 substrates, and
top-gate transistors on polymer substrates. Devices exhibited ON/OFF ratios of up
to 105 and field-effect mobilities of up to 4 cm2/V s.

Filtering, which is the easiest way to gather aerosol particles from the gas phase,
can also be utilized for some applications. Figure 3.14 shows the SWCNTs collected
from a ferrocene reactor by filtering downstream of the reactor through 2.45 cm
diameter nitrocellulose (or silver) disk filters (Millipore Corp., USA). Depending on
the desired film thickness, the deposition time could be varied from a few seconds
to several hours. A simple thermo-compression method for integrating SWCNT
films of adjustable thickness, transparency, and conductivity into polymer films was
proposed in [79]. Produced SWCNT–polyethylene composite films have exhibited
good optical transparency and conductivity as well as high mechanical flexibility. It
was found that the electrical conductivity of the SWCNT films could be significantly
improved by ethanol densification. SWCNT–polyethylene thin films demonstrated
excellent cold electron field-emission properties [79]. CNTs can also be transferred
onto a mirror for laser mode locking [80] and onto a polyethylene terephthalate
(PET) substrate for electrochemical applications [84] or for transparent and flexible
electrodes for replacement of indium tin oxide (ITO) in flat displays. Various other
devices and components based on CNT networks have already been successfully
demonstrated, including diodes, logic circuit elements, solar cells, displays, and
sensors.

6243585

1005002930

Figure 3.14 SWCNT film collected on nitrocellulose filters.
(The numbers show the thickness value in nanometers.)
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3.6
Summary

In this chapter, research in the field of CNTs concerning their discovery, intriguing
properties, and applications has been briefly reviewed. A comparison of different
synthesis methods for both laboratory and industrial production was presented.
Special attention was devoted to the aerosol-unsupported CVD method and its ad-
vantages in the controlled production and integration of CNTs. On-line monitoring
of CNT fabrication using DMA measurements and separation of individual CNTs
based on spontaneous charging of CNTs were considered. Direct integration of the
CNTs produced by the aerosol methods into different applications, especially for
high-performance flexible electronics, was briefly discussed.
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Helistö, P., Ruokolainen, J., Choi, M.,
and Kauppinen, E.I. (2008) Integration
of single-walled carbon nanotubes into
polymer films by thermo-compression.



References 85

Chem. Eng. J., 136 (2–3),
409–413.

10. Fonseca, A. and Nagi, J.B. (2001) in Car-
bon Filaments and Nanotubes: Common
Origins, Differing Applications? (eds L.P.
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Gemming, T., Büchner, B., Bachtold, A.,
and Pichler, T. (2006) Thermal decom-
position of ferrocene as a method for
production of single-walled carbon
nanotubes without additional car-
bon sources. J. Phys. Chem. B, 110,
20973–20977.

60. Nasibulin, A.G., Moisala, A., Jiang, H.,
and Kauppinen, E.I. (2006) Carbon nan-
otube synthesis from alcohols by a novel
aerosol method. J. Nanopart. Res., 8,
465–475.

61. Nasibulin, A.G., Brown, D.P.,
Queipo, P., Gonzalez, D., Jiang, H.,
and Kauppinen, E.I. (2006) An es-
sential role of CO2 and H2O during
single-walled CNT synthesis from car-
bon monoxide. Chem. Phys. Lett., 417,
179–184.

62. Nasibulin, A.G., Pikhitsa, P.V.,
Jiang, H., and Kauppinen, E.I. (2005)
Correlation between catalyst parti-
cle and single-walled carbon nan-
otube diameters. Carbon, 43 (11),
2251–2257.

63. Moisala, A., Nasibulin, A.G., Shandakov,
S.D., Jiang, H., and Kauppinen, E.I.
(2005) On-line detection of single-walled
carbon nanotube formation during
aerosol synthesis methods. Carbon, 43,
2066–2074.

64. Knutson, E. and Whitby, K. (1975)
Aerosol classification by electric mobil-
ity: apparatus, theory and applications.
J. Aerosol Sci., 6, 443–451.

65. Kim, S.H., Mulholland, G.W., and
Zachariah, M.R. (2007) Understanding
ion-mobility and transport properties
of aerosol nanowires. J. Aerosol Sci., 38,
823–842.

66. Gonzalez, D., Nasibulin, A.G.,
Shandakov, S.D., Jiang, H., Queipo, P.,
and Kauppinen, E.I. (2006) Spontaneous
charging of single-walled carbon nan-
otubes in the gas phase. Carbon, 44,
2099–2101.

67. Gonzalez, D., Nasibulin, A.G.,
Shandakov, S.D., Jiang, H., Queipo, P.,
Anisimov, A.S., Tsuneta, T., and
Kauppinen, E.I. (2006) Spontaneous



88 3 Aerosol Synthesis of Single-Walled Carbon Nanotubes

charging of single-walled carbon nan-
otubes: a novel method for the selective
substrate deposition of individual tubes
at ambient temperature. Chem. Mater.,
18, 5052–5057.

68. Nasibulin, A.G., Queipo, P., Shandakov,
S.D., Brown, D.P., Jiang, H., Pikhitsa,
P.V., Tolochko, O.V., and Kauppinen,
E.I. (2006) Studies on mechanism of
single-walled carbon nanotube for-
mation. J. Nanosci. Nanotechnol., 6,
1233–1246.

69. Nasibulin, A.G., Pikhitsa, P.V.,
Jiang, H., Brown, D.P., Krasheninnikov,
A.V., Anisimov, A.S., Queipo, P.,
Moisala, A., Gonzalez, D.,
Lientschnig, G., Hassanien, A.,
Shandakov, S.D., Lolli, G., Resasco,
D.E., Choi, M., Tománek, D., and
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4
Condensation, Evaporation, Nucleation
Alexey A. Lushnikov

4.1
Introduction

An aerosol is a collection of particles suspended in a gaseous medium (carrier gas,
in what follows). In many cases, the aerosol reveals itself as a collection of particles,
but sometimes it leaves the possibility to study the individual characteristics of
particles. Then the collective properties of the aerosol can be considered as the sum
of the individual properties of the particles comprising it.

This chapter considers the most important phenomena in the life of aerosol
particles: nucleation, condensation, and evaporation.

Nucleation is responsible for the production of the tiniest particles due to
gas-to-particle conversion. Condensable vapors cannot exist in the vapor phase
under certain conditions, normally when the vapor pressure exceeds the saturation
value, which, in turn, depends on the temperature. Statistical mechanics (see,
for example, [1–9]) predicts the phase transition in these cases, but it does not
answer the question of how it goes on. For example, the vapor can condense on
the walls of the vessel containing the gas–vapor mixture, or on foreign aerosol
particles suspended in the carrier gas, or it can form the particles itself without
any help from other external factors. The latter case is referred to as spontaneous
nucleation [1]. There are some principal difficulties in the theoretical description of
the nucleation process. I will try to elucidate the nature of these difficulties and to
outline ways to avoid them.

Although everybody has seen how a kettle boils, producing visible vapor, quan-
titative measurements on nucleation are very far from being simple. The point is
that the various nucleation theories are applicable for steady-state and very clean
(no foreign condensation nuclei) conditions. It is not an easy task to provide such
conditions [3].

At first sight, condensation is a simpler process. A vapor molecule reaches
the particle surface and sticks to it. But even in this case one encounters the
necessity to solve the kinetic Boltzmann equation in order to describe the transport
of molecules toward the particle surface [10]. More problems come up if we
want to take into account the surface processes related to latent heat release or
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surface chemical reactions. Experiments on condensation are more accessible
than nucleation experiments. Their interpretation is also more straightforward
[11].

Evaporation – the escape of a molecule from the particle – is much less
understandable than condensation. This is the reason why one tries to express the
evaporation rate through the equilibrium vapor pressure over the particle surface and
the condensation efficiency. But this is not always a valid procedure. It may be
better to try to attack the problem from the ‘‘inside,’’ that is, to consider a heated
particle and to calculate the flux of the molecules from the particle surface [4, 12].

4.2
Condensation

Let us consider a gas–vapor mixture. The process

(g) + (1) −→ (g + 1) (4.1)

is referred to as condensation. A g-mer just joins the molecules of condensable
vapor one by one. Let n∞ be the number concentration of vapor molecules far
away from the particle. The particle absorbs the molecules and thus the vapor
concentration at the particle surface becomes equal to na. The concentration
difference n∞ − na drives a flux toward the particle surface. The particle begins to
grow. The rate of change in the number of the vapor molecules in the particle is
proportional to the difference n∞ − na, that is,

dg

dt
= α(a)(n∞ − na) (4.2)

where the particle radius is a = a0(4πg/3)1/3, with a0 being the radius of a molecule
of the condensable substance. The coefficient α(a) is called the condensation effi-
ciency. It has dimension [L3/T]. The central problem of the theory of condensation
is to find α(a).

Very simple dimensional considerations allow us to establish a general form of
the condensation efficiency. There are three parameters that govern the condensation
kinetics: the particle radius a, the thermal velocity of the condensable gas molecules
vT = √

8kT/πm, and their diffusivity D. Their units are: a [cm], vT [cm/s], and D
[cm2/s]. Because the units of α(a) are [cm3/s], we can write

α(a) = πa2vT f (avT/D) (4.3)

The multiplier π normalizes f (0) to unity and f (0) = 1 (see Eq. (4.10) below).
The function f (x) is not yet known. In order to find this function, one should
solve the kinetic Boltzmann equation that describes the time evolution of the
coordinate–velocity distribution of the condensing molecules, then find the flux of
the condensing molecules toward the particle, and then extract α(a). This is not
easy to do in general form. However, the limiting situations have been analyzed
[10, 13–16].
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4.2.1
Continuum Transport

Let the growing particle be large enough so that the diffusion equation is applicable
for the description of the molecular transport of the condensable gas toward the
particle surface. Then, if we know the vapor concentration n∞ far away from the
particle, the solution to the steady-state diffusion equation has the form

n(r) = n∞ − J

4πDr
(4.4)

Here the total flux J of the condensable vapor is introduced. It does not depend
on the coordinates (the condensable vapor does not disappear somewhere on its
way from infinity to the particle surface). We can thus define the value of J from a
boundary condition fixing the concentration at the particle surface n(a) = na. This
condition defines the expression for the total flux,

J = 4πDa(n∞ − na) (4.5)

One sees that Eq. (4.5) has the form predicted by Eq. (4.3). The function f (x) in this
case is just

f (x) ≈ 4

x
(4.6)

This result is understandable: the thermal velocity vT should not enter the final
expression in the continuum limit, because the vapor transport is governed by the
diffusion process of the vapor molecules. In this case the thermal motion provides
only very tiny jumps at a distance on the order of the molecular mean free path.
The diffusion flux arises at larger distances, here on the order of the particle size.
If we remove vT from the list of parameters responsible for molecular transport,
then only two parameters should enter the final result for α, namely, D and a. The
only combination with the correct dimension is α ∝ Da.

4.2.2
Free-Molecule Transport

When the particle size is much smaller than the mean free path of the vapor
molecules, then the diffusion coefficient does not define the vapor transport toward
the particle. There is no diffusion. The free molecules reach the particle surface
moving with velocity vT . Hence, the diffusivity does not enter the set of parameters
defining the particle transport. We then have only one combination of correct
dimension, a2vT . Hence,

α(a) ∝ a2vT (4.7)

The proportionality factor can be found from a simple kinetic consideration. The
free-molecule flux is the product of the particle flux n∞v times the differential of
the particle surface dS. Integrating over all molecular velocities and elements of
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the particle surface directed toward the particle center yields

J = n∞
Z

∫
(v · dS) e−E/kT d3v (4.8)

Here

Z =
∫

e−E/kT d3v (4.9)

is the partition function for a single vapor molecule, E is its kinetic energy, and
dS stands for the element of the particle surface. The integration is trivial, and its
details can be found elsewhere. The final result is

α(a) = πa2vT (4.10)

Then f (x) = 1.

4.3
Condensation in the Transition Regime

The first simple theories applied the continuum models of condensation (the
particle radius a greatly exceeds the condensing molecule mean free path lv [17]).
Such models were not able to describe very small particles with sizes less than
l. It was quite natural, therefore, to try to attack the problem by starting with
the free-molecule limit, that is, to consider a collisionless motion of condensing
molecules. Various expressions for the condensation efficiencies were derived [10,
13, 15, 18–21]. The important step directed to reconciliation of these two limiting
cases was done by Fuchs [22], who invented the flux-matching theory.

The flux-matching theories are well adapted for studying the behavior of aerosol
particles in the transition regime. Although these theories mostly did not have a firm
theoretical basis, they successfully served for systematizing numerous experiments
on the growth of aerosol particles. Up to the present day, these theories remain
rather effective and very practical tools for studying the kinetics of aerosol particles
in the transition regime (see [9, 10, 13]). On the other hand, these theories are
always semiempirical, that is, they contain a parameter that should be taken from
somewhere else, not from the theory itself.

We introduce the reader to the ideology of the flux-matching theories by consider-
ing the condensation of a non-volatile vapor onto the surface of an aerosol particle.
The central idea of the flux-matching procedure is a hybridization of the diffusion
and the free-molecule approaches. The concentration profile of a condensing vapor
far away from the particle is described by the diffusion equation. This profile coin-
cides with the real one down to distances on the order of the vapor molecule mean
free path. A limiting sphere is then introduced, wherein the free-molecule kinetics
governs the vapor transport. The equality of the fluxes in both zones and the conti-
nuity of the concentration profile at the surface of the limiting sphere define the flux
and the condensing vapor concentration at the particle surface. The third parameter,
the radius of the limiting sphere, cannot be found from such a consideration.
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We apply a more sophisticated approach [23]. We also introduce a limiting sphere
outside of which the density profile of the condensing vapor can be described by the
diffusion equation. Inside the limiting sphere, we solve the collisionless Boltzmann
equation subject to a given boundary condition at the particle surface and introduce
an additional condition: the vapor concentration at the surface of the limiting
sphere coincides with that found from the solution of the diffusion equation.
Even in the absence of any potential created by the particle, the vapor profile
in the free-molecule zone depends on the radial coordinate, because the particle
surface adsorbs all incoming molecules. We thus gain the possibility to call for the
continuity of the first derivatives of the profile on both sides of the limiting sphere.
This additional condition defines the radius of the limiting sphere.

4.3.1
Flux-Matching Theory

As mentioned above, the steady-state molecular flux J(a) onto the surface of a
particle of radius a can always be written as

J(a) = α(a)(n∞ − na) (4.11)

that is, the flux is proportional to the difference of the vapor density n∞ far away
from the particle and at the particle surface. The proportionality coefficient α(a) is
referred to as the condensation efficiency. The problem is to find α(a).

Below, we adapt the flux-matching theory of [23] (see also Chapter 1 in this book
[24]) to the case of condensation of neutral molecules onto the particle surface.

To this end, we generalize Eq. (4.11) as follows:

J(a, R, nR) = α(a, R)(nR − na) (4.12)

where nR is the vapor concentration at a distance R from the particle’s center. It is
important to emphasize that nR is (still) an arbitrary value introduced as a boundary
condition at distance R (also arbitrary) to a kinetic equation that it is necessary to
solve for defining α(a, R).

The flux defined by Eq. (4.11) is thus

J(a) = J(a, ∞, n∞) and α(a) = α(a, ∞) (4.13)

The value of α(a, R) does not depend on nR − na because of the linearity of the
problem.

Assuming that we know the exact vapor concentration profile nexact(r) corre-
sponding to the flux J(a) from infinity (see Eqs. (4.11) and (4.12)), we can express
J(a) in terms of nexact as follows:

J(a) = J(a, R, nexact(R)) = α(a, R)(nexact(R) − na) (4.14)

If we choose R sufficiently large, then the diffusion approximation reproduces the
exact vapor concentration profile,

nexact(R) = n( J(a))(R) = − J(a)

4πDR
+ n∞ (4.15)
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with n( J)(r) being the steady-state vapor concentration profile corresponding to a
given total molecular flux J(a).

On combining Eqs. (4.14) and (4.15) with Eq. (4.13) we obtain

J(a) = α(a, R)
(

n∞ − na − J(a)

4πDR

)
(4.16)

On solving this equation with respect to J(a), one finds α(a) as

α(a) = α(a, R)
1 + [α(a, R)/4πDR]

(4.17)

Equation (4.16) is exact if R � l. In order to find α(a, R) and R, we must call on
approximations.

4.3.2
Approximations

All the currently used approximations for α can be derived from Eq. (4.17)

4.3.2.1 The Fuchs Approximation
This approximation follows from Eq. (4.17) if one puts α(a, R) = αfm(a) = πa2vT

and R = a + �, where the distance � ∝ l, with l being the mean free path of the
condensing molecule in the carrier gas. Fuchs does not specify the value of �

and suggests that it be used as a fitting parameter. There were other suggestions:
� = 0, � = l, and � = 2D/vT .

4.3.2.2 The Fuchs–Sutugin Approximation
These authors [19] used the Sahni [25] numerical solution of the
Bhatnagar–Gross–Krook (BGK) equation [26] in order to fit the parame-
ter � in the Fuchs theory. Their final expression for the condensation efficiency
looks as follows:

α = 4πDa
1 + Kn

1 + 1.71 Kn + 1.33 Kn2 (4.18)

Here Kn = l/a is the Knudsen number and l = 3D/vT . At the present time Eq. (4.18)
is the most popular one. The function f (x) in Eq. (4.3) is then

f (x) = 4
x + 3

x2 + 5.13x + 12
(4.19)

4.3.2.3 The Lushnikov–Kulmala Approximation
These authors [23] called upon two approximations:

1) The free-molecule expression approximates α(a, R) as

α(a, R) ≈ αfm(a, R) (4.20)

where

αfm(a, R) = 2πa2vT

1 +
√

1 − a2/R2
(4.21)
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2) The radius R of the limiting sphere is found from the condition that ‘‘the
diffusion flux from the diffusion zone is equal to the diffusion flux from
the free-molecule zone.’’ The diffusion flux is defined from Fick’s law.
Hence,

drnfm(r)|r=R = drn
( J(a))(r)|r=R (4.22)

where

nfm(r) = (nR − na)
1 +

√
1 − a2/r2

1 +
√

1 − a2/R2
+ na (4.23)

is the vapor concentration profile found in the free-molecule zone for
a < r < R. The distance R separates the zones of the free-molecule and the
continuum regimes. If na > nR then

R =
√

a2 +
(

2D

vT

)2

(4.24)

The value 2D/vT has the order of the molecular mean free path l.

The final result is

α(a) = 2a2vT

1 + √
1 + (avT/2D)2

(4.25)

The function f (x) in this case looks as follows:

f (x) = 2

1 + √
1 + 0.25x2

(4.26)

The approximate f (x) are presented in Figure 4.1 (the curve from Dahneke [27] is
added).

4.3.3
More Sophisticated Approaches

As mentioned above, the analysis of the mass transport of condensable vapors
should rely upon the solution of the Boltzmann equation written down for the
vapor–carrier gas mixture. Considerable success in this direction was achieved
by Sitarski and Novakovski [28] and by Loyalka and co-workers [10, 29–32] in
the 1980s. These authors developed methods for the numerical solution of the
Boltzmann equation and suggested several interpolation formulas (see [13]). Their
results demonstrated good agreement with the measurements of Ray et al. [11].

4.4
Evaporation

The difference between the evaporation and condensation processes is in the sign
of the difference n∞ − na. In the case of evaporation, this difference is negative,
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Figure 4.1 Condensation efficiency versus
particle size. The condensation efficiency
depends on the particle size as follows:
α(a) = πa2vT f (avT/D). Three approximate
f (x) are plotted in this figure: FS, Fuchs

and Sutugin [19]; D, Dahneke [27]; and LK,
Lushnikov and Kulmala [23]. These three ap-
proximations give almost coincident results
(within 5%).

and the flux is directed from the particle surface to infinity [20]. If the evaporation
rate is so low that the vapor concentration over the particle surface is equal to the
equilibrium vapor pressure given by the Kelvin formula, then

na = ns exp
(

2σv1

kTa

)
(4.27)

where ns is the equilibrium concentration of vapor molecules over the planar
surface of the liquid, σ is the surface tension, and v1 is the molecular volume. In
principle, the pressure over the particle surface is always lower and depends on the
rates of the transport processes.

There have been several attempts to attack the problem of evaporation rate from
first principles. The idea of Schenter et al. [12] is to apply the variational theory of
transition states in order to formulate the expression for the evaporation rate. The
evaporation rate is defined as the number of molecules leaving the particle surface
per unit time, that is,

γg = 1

Zg

1

g

g∑
k=1

∫
vkµe−H/kTδ(R − rk)θ (vkµk) d� (4.28)

where H is the classical Hamiltonian of g molecules in the embryo, δ(x) is the
Dirac delta function, R is the radius of the constraining sphere (the distance from
the embryo center to the points where the potential created by the embryo does not
affect the escaped molecule), vk = pk/m are the molecular velocities, µ = cos φ,
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φ is the angle between the velocity and the radial direction, and d� stands for the
integration over all phase space of g molecules. The theta function (the Heaviside
step function) forbids integration over velocities directed toward the center of the
embryo. The delta function on the right-hand side fixes the positions of outwardly
moving molecules at the surface of the constraining sphere. The normalization
multiplier 1/Zg is just the reciprocal partition function of g molecules inside the
sphere:

Zg =
g∑

k=1

∫
e−H/kT

∏g

k=1
θ (R − rk) d� (4.29)

Here the Heaviside step function θ (R − rk) restricts the integration over coordinates
to the part of the coordinate space lying inside the constraining sphere.

The most attractive feature of this theory is the fact that the parameter R can
be found from the condition for the minimum of the evaporation rate. Next, we
can perform the integration over velocities in the numerator and denominator and
present the result in the form

β = −πR2vT
d

dVR
ln Zg (4.30)

Here VR is the volume of the constraining sphere and the value −d ln Zg/dVR =
Pint/kT , with Pint being the internal pressure at the embryo surface.

However, all is not so simple. The point is that we again encounter the problem
of how to calculate Zg , the partition function of g molecules. Once again, we
encounter the need to solve a many-body problem. Although molecular dynamics
methods permit such calculations to be performed, it is not very convenient to have
to do so every time it is needed. Another drawback of this approach is our lack of
knowledge about the intermolecular potentials, which also limits the precision of
the molecular dynamics calculations.

4.5
Uptake

Chemical processes at the particle surface and in its volume create additional
complications related to the need to describe diffusional transport of reactants
through the interface and in the volume of the particle. Trace gases are commonly
recognized to react actively with the aerosol component of the Earth’s atmosphere.
Substantial changes to atmospheric chemical cycles due to the presence of aerosol
particles in the atmosphere make us look more attentively at the nature of the
processes stipulated by the activity of atmospheric aerosols (see [13, 18, 33–36]).
The process of gas–particle interaction is usually a first-order chemical reaction
going along the route

X + AP −→ (APX) (4.31)

where X, AP, and (APX) stand, respectively, for a reactant molecule, an aerosol
particle, and the final product resulting from the reaction.
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Some important aspects of aerosol heterogeneous chemistry are still not so
well studied, among them being the interconnection between uptake and mass
accommodation efficiencies. There still exist discrepancies between the results
of different authors because of different understandings of the meaning of
the uptake coefficient. In 2001 an entire issue of Journal of Aerosol Science (vol-
ume 32, issue 7) was devoted to the problems of gas–aerosol interaction in the
atmosphere.

Below, I wish to outline my point of view. Let a particle of radius a initially
comprising NB molecules of a substance B be embedded into the atmosphere
containing a reactant A. The reactant A is assumed to be able to dissolve in
the host particle material and to react with B. The particle will begin to ab-
sorb A and will do this until the pressure of A over the particle surface is
enough to block the diffusion process. Our task is to find the consumption
rate of the reactant A as a function of time. Next, we focus on sufficiently
small particles whose size is comparable to or less than the mean free path
of the reactant molecules in the carrier gas. The mass transfer to such parti-
cles is known to depend strongly on the dynamics of the interaction between
the incident molecules and the particle surface. In particular, the value of the
probability β for a molecule to stick to the particle surface is suspected to
strongly affect the uptake kinetics. The question ‘‘How?’’ has not yet found a full
resolution.

Below, we shall try to answer this question starting with a simple analysis of the
boundary condition to the kinetic equation for the molecules of A.

4.5.1
Getting Started

Let an aerosol particle be put in the atmosphere containing a reacting gas admixture
A. The molecules of A are assumed to react with a guest reactant B dissolved in a
host material of the particle (in principle, B itself can be the host material itself ).
The reactant A is assumed to react with the reactant B along the route:

A + B −→ C (4.32)

The particle initially containing no molecules of A begins to consume those
crossing the particle–carrier gas interface. Our goal is to investigate the kinetics of
this process.

Our basic integral principle asserts that

flux of A from outside = total consumption of A inside (4.33)

We consider four stages of the uptake process:

• diffusion of A toward the particle;
• crossing the particle air interface;
• diffusion reaction process inside the particle; and
• accumulation of non-reacted A molecules in the particle.

Balancing the fluxes gives the equation for the uptake rate.
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4.5.2
Hierarchy of Times

In principle, the consideration of uptake requires a solution of the time-dependent
transport problem [37]. Here we give some order-of-magnitude estimations allowing
for a correct statement of the problem in realistic conditions of the Earth’s
atmosphere. Our idea is to get rid of the non-stationarity wherever possible. Below,
we use the notation DX (X = A, B) and D for the diffusivity of the reactant molecules
inside the particle and in the gas phase, respectively.

The characteristic time of the non-stationarity in the gas phase is estimated as
τg ∝ a2/D, where a is the particle radius. This time is extremely short. For D = 0.1
cm2/s and a = 1 µm, we obtain τg ∝ 10−7 s. So the transport in the gas phase can
be considered in the steady-state limit. The diffusion process in the liquid phase is
much slower. Its characteristic time is τl ∝ a2/DX ∝ 10−3 s for micrometer-sized
particles and DX = 10−5 cm2/s.

The time for the chemical reaction of A molecules in the liquid phase is estimated
as τA ∝ κnB, where κ is the binary reaction rate constant for the reaction given by
Eq. (4.32). The maximal value of κ ∝ DX am ∝ 10−13 cm2/s for the molecular radius
am ∝ 10−8 cm. The book of Seinfeld and Pandis [13] cites values within the interval
κ = 10−11 –10−18 cm3/s. The estimate of the characteristic time τA depends on the
value of nB. If the gaseous reactant reacts with the host material, the characteristic
reaction times are very short (τchem ∝ 10−9 s) for diffusion-controlled reactions and
much longer (up to seconds or even minutes) for other types of chemical processes.

The characteristic transport times should be compared to the characteristic times
of substantial chemical changes inside the particle that are limited by the flux of A
from outside. These times are on the order of τchanges ∝ 1/jA, where jA is the total
flux of A molecules trapped by the particle. This is the characteristic time for one
molecule of A to attach to the particle surface. Actually, this time depends on the
sticking probability β and can reach tens of seconds.

These estimates show (see also [13]) that all the characteristic times for the
transient processes inside and outside the particle are much shorter that the
characteristic time for the particle to change its chemical composition due to
uptake. This means that a quasi-steady-state approximation can be used for the
description of very slowly changing parameters such as the total number of
molecules inside the particle or its size. Fast transport processes establish instantly
the steady-state concentration profiles.

4.5.3
Diffusion in the Gas Phase

The flux jA of A in the carrier gas should be found from the solution of the kinetic
Boltzmann equation, for we want to consider all regimes of reactant transport,
0 < Kn < ∞, where the Knudsen number is defined as Kn = l/a, with l = 3D/vT

[13]. Here D is the diffusion coefficient of A in air and vT is the thermal velocity of
an A molecule. Actually, we do not solve the kinetic equation. Instead, we analyze
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its boundary condition and express the flux of A in the gas phase in terms of the
parameters entering the boundary condition. This step is of primary importance
for deriving the correct dependence of the uptake efficiency on the sticking probability.
As was mentioned, this question has been raised many times – for example, see
the discussion in the 2001 issue of Journal of Aerosol Science (volume 32, issue 7)
mentioned above – but no unified opinion as yet exists.

Let us first consider the condensation of A molecules onto a spherical particle
of A liquid. In the gas phase, the distribution function fA of A molecules over
coordinates and velocities satisfies the Maxwell boundary condition [38]

f −
A = (1 − β)f +

A + β

2π
nAe (4.34)

where β is the sticking probability, f − is the velocity distribution function of
molecules flying outward from the particle, f + is the same for molecules flying
toward the particle surface, and nAe is the equilibrium concentration of A molecules
over the particle surface. The first term on the right-hand side of this equation
describes the mirror reflection of A molecules from the particle surface. The
second term gives the density of A molecules first captured and then emitted from
the surface. The coefficient 1/(2π ) reflects the fact that the molecules fly only in
the outward direction. At f − = f + = ne/(2π ) (full thermodynamic equilibrium),
Eq. (4.34) is satisfied automatically.

The total flux of A is expressed as

JA = α(a)(nA∞ − nAe) (4.35)

Here nA∞ is the concentration of A far away from the particle.
The solution of the kinetic equation defines the concrete form of the dependence

of the condensation efficiency α(a) on the particle radius and β. The form of the
second multiplier is universal and it is not related in any way to any approximation.

Now we shall return to uptake. In this case the inward flux inside the particles
makes the concentration n+

A of particles flying outward lower than nAe. The
boundary condition in Eq. (4.6) is replaced by

f −
A = (1 − β)f +

A + 1

2π
n+

A (4.36)

with the value of the reactant concentration n+
A being determined from flux balance.

This is the principal point of our further consideration.
Because the value n+/β replaces ne in Eqs. (4.34) and (4.35), the flux of the

reactant toward the particle can be written as

jA = α(a)
(

nA∞ − n+
A

β

)
(4.37)

Instead of solving the kinetic equation, we will use the semiempirical
Fuchs–Sutugin expression for α(a), that is,

α(a) = αfm(a)

1 + βS(Kn)
(4.38)
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where

αfm(a) = βπvTa2 (4.39)

is the condensation efficiency in the free-molecule regime and

S(x) = 3
2

(
1

2x
− 0.311

x + 1

)
(4.40)

4.5.4
Crossing the Interface

Let n∗
A be the concentration of the reactant in the liquid phase immediately beneath

the surface and n+
A its concentration immediately above the particle surface. In

equilibrium, the concentrations n+
A and n∗

A are linked by Henry law as

n∗
A = Hn+

A (4.41)

where H is the dimensionless Henry’s constant. This can be expressed in terms of
the commonly accepted one as

H = 0.8159 × 10−7THS (4.42)

where HS is the Henry’s constant (in units of M/atm) defined in the book of
Seinfeld and Pandis [13], and T is the absolute temperature (in K). The largest cited
HS = 2.1 × 103 is for the system NO3 + H2O, so the value of H is on the order of
unity (see also [39]).

4.5.5
Transport and Reaction in the Liquid Phase

Inside the particle, the diffusion–reaction process [40] settles the concentration
profile nX (r),

∂nX

∂t
− DX�nX = −κnAnB (4.43)

The boundary condition for the component B corresponds to its zero flux through
the interface, that is,

∂nB

∂r

∣∣∣∣
r=a

= 0 (4.44)

Instead of the boundary condition for A, we use the integral principle,

dNA

dt
= JA − κn∗

An∗
B

∫
V

fA(r)fB(r) d3r (4.45)

where we have introduced the notation nA(r, t) = n∗
A(t)fA(r, t), nB(r, t) = n∗

B(t)fB(r, t),
n∗

B(t) = nB(0, t), and

NX (t) = n∗
X (t)QX (t) (4.46)

where QX (t) = ∫
V fX (r, t) d3r. The values n∗

X (t) are the maximal concentrations of
the reactants.
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4.6
Balancing Fluxes

4.6.1
No Chemical Interaction

In this case the component A dissolves and accumulates inside the particle. Because
the diffusion process in the liquid phase is very fast, the concentration profile of
A is constant inside the particle – this is the well-stirred reactor approximation
(WSRA). Hence

dNA

dt
= α(a)

(
nA∞ − n∗

A

Hβ

)
(4.47)

The newly arriving molecules of A increase the particle volume,

V(t) = V0 + NAva (4.48)

Here V0 is the initial particle volume and va is the volume per added molecule of
A. Next,

n∗
A = NA

H(NAva + V0)
(4.49)

Finally, we find the equation for NA as

dNA

dt
= α(a)

(
nA∞ − NA

Hβ(V0 + NAva)

)
(4.50)

The link between a(t) and NA simplifies Eq. (4.50) to

4π

3
a3 = V0 + NAva (4.51)

If we introduce the scales

t0 = βHV0

α(a0)
and NA∞ = βHnA∞V0 (4.52)

and the dimensionless functions and the variable

X = NA

NA∞
Y = V

V0
and τ = t

t0
(4.53)

then the set of Eqs. (4.50) and (4.51) takes a more observable form:

dX

dτ
= α(a0Y1/3)

α(a0)

(
1 − X

Y

)
(4.54)

Y = 1 + ζX (4.55)

where ζ = βHnA∞v0.
We solve Eq. (4.50) in the limiting case when the growth of the particle volume

can be ignored. Equation (4.50) then takes the form

dNA

dt
= α(a)

(
n∞ − NA

βHV0

)
(4.56)
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The solution to this equation is readily found as

NA(t) = n∞βHV0(1 − e−α(a)t/βHV0 ) (4.57)

It is remarkable that the relaxation time is independent of β at small β. The
maximal number of trapped molecules is

NA(∞) ≈ n∞βHV0 (4.58)

which corresponds to n− = n∞ as it should. At this stage we ignore the changes of
the particle volume in the course of uptake. Then the kinetics of the uptake process
is defined by the simple exponential law

NA(t) = βHV0n∞(1 − e−t/t0) (4.59)

where the time of the uptake process is

t0 = 4Ha[1 + βS(Kn)]
3vT

(4.60)

Two remarkable facts should be emphasized: (i) t0 remains finite at β = 0; and
(ii) the β dependence of t0 is linear. Figure 4.2 displays the dependence of t0 on the
particle size (actually on Kn). The kinetic curves NA(t) are shown for several values
of Kn and β.
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Figure 4.2 Time of uptake. The molecules
of a trace gas A reach the inner part of the
particles, thus increasing the A concentration
over the particle surface. The uptake pro-
cess ceases as soon as the A concentration

over the particle surface becomes equal to
the A concentration far away from the parti-
cle. The saturation time in units of 4Ha/3vT

is plotted as a function of the Knudsen
number.
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4.6.2
Second-Order Kinetics

Let us apply the WSRA to a consideration of the general case. We assume that
both reactants are well stirred (the chemical reaction goes too slow, so the diffusion
process has time to smooth over the reactant profiles). Let NA and NB be the total
number of molecules of the reactants, and NC be the number of the molecules
of the reaction product. We also introduce va,b,c as the molecular volume of each
reactant. Then the following set of equations governs the process:

dNA

dt
= α(a)

(
nA∞ − NA

HβV

)
− κ

V
NANB (4.61)

dNB

dt
= − κ

V
NANB (4.62)

and

V(t) = vaNA + vbNB + vcNC (4.63)

In order to introduce the evaporation of C, we should add the outgoing flux of C in
the flux balance,

dNC

dt
= −α(a)

NC

HCβCV
+ κ

V
NANB (4.64)

where HC is Henry’s constant for the reaction product C, and βC is the sticking
probability of C molecules. No C molecules are assumed to be present far away
from the particles.

Let us introduce the scales

t0 = βHV0

α0
NA∞ = nA∞βHV0 tA = 1

κnB0
and tB = V0

κNA∞
Then the set of Eqs. (4.61) and (4.62) takes the form

dX

dτ
= α(a)

α(a0)

(
1 − X

V

)
− ξ

XY

V

dY

dτ
= −η

XY

V
(4.65)

where τ = t/t0, ξ = t0/tA, and η = t0/tB. Equation (4.59) is also simplified to

dZ

dτ
= − t0

tC
Z + XY

V
(4.66)

where tC = HCβCV0/α0 and NC,0 = κNA∞NB(t0/V0) = NA(t0/tA). The dimension-
less volume is introduced as

V = 1

V0
(vaNA + vbNB + vcNC) (4.67)

where V0 = vbNB0. Hence, the dimensionless volume V satisfies the equation

V = Y + µX + νY (4.68)

with µ = NA∞va/V0 and ν = NC0vc/V0. Figure 4.3 displays the solution of the set
of Eqs. (4.65), (4.66) and (4.68).
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Figure 4.3 Second-order chemistry inside
the particle. The particle consisting of the
substance A traps molecules of reactant B
from the surrounding atmosphere. A chem-
ical reaction between A and B produces a

neutral substance C that leaves the parti-
cle. Shown is the time evolution of the total
molecule numbers of A, B, and C. Results
are presented in dimensionless units.

We have considered the uptake of gaseous reactants by aerosol particles. The
decisive point of our consideration is Eq. (4.35) linking the flux of the reactant
toward particle with the concentration of molecules n+ emitted from the particles.
The value of n+ is fixed by the condition that the external flux is equal to the
consumption of the gas inside the particle (because of chemical reaction, for
example). Actually, this means that we have ignored very fast transient processes
related to diffusion. However, the time dependence of more lengthy processes that
change the particle composition is retained. The central attention has been paid to
the dependence of the kinetics of uptake on the sticking probability β for a reactant
molecule to stick to the particle surface. This sticking probability is unambiguously
introduced by the boundary condition imposed on the distribution function of
reactant molecules.

Any uptake process continues for a finite time until the moment either when
the reactant concentration inside the particle becomes sufficient to stop the
inward diffusion flux or when chemical reactions entirely change the particle
composition (see Figure 4.2). We found the dependence of the characteristic
times on the sticking probability. Of course, the kinetics of the process has been
investigated.

Because our major goal is the study of uptake kinetics on the sticking proba-
bility, we consider only the Knudsen and free-molecule aerosols (sufficiently large
Knudsen numbers), otherwise the reactant flux toward the particle is independent
of the sticking probability. Still the β dependence can give information about the
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uptake kinetics even in the case of very small Knudsen numbers if β is also very
small but the ratio β/Kn is finite.

4.7
Nucleation

For many decades there has been an irreconcilable conflict between the theoretical
predictions and the experimental data on the spontaneous nucleation of vapors.
The reason for this is quite clear: the problem itself is far from being simple either
theoretically or experimentally. This opinion is commonly recognized and shared
by most researchers investigating the nucleation of vapors [1, 4, 8, 9, 41–43]. The
diversity of the results of nucleation measurements made me think that there exist
a number of principally different scenarios of the nucleation process. The goal of
this section is to introduce the reader to some of them.

Almost all modern theories about forming a new phase from supersaturated
vapors rely upon the model that considers the supersaturated vapor to comprise
monomeric molecules and clusters (g-mers) suspended in a carrier gas. The clusters
either grow on colliding or decay into fragments, forming new smaller clusters
along the way:

(g1) + (g2) −→ (g1 + g2) −→ (g′
1) + (g′

2) + · · · + (g′
k) (4.69)

Mass conservation is assumed:

g1 + g2 =
k∑

s=1

g′
s (4.70)

At first sight such an approach looks very natural. On the other hand, it is not easy
to define what this cluster is.

Indeed, the calculation of the cluster free energies demands the representation
of the total partition function as a product of the individual cluster partition
functions. The cluster is an equilibrium system. Its partition function includes
the summation over states that contain spatially separated objects. For example,
the partition function of a g-mer contains the summation over states where g − 1
molecules are bounded and a monomer is located beyond the zone of action of the
intermolecular forces. The history of this problem already has a rather venerable
age exceeding half a century (see Reiss et al. [41] and references therein). But
it has not been fully resolved hitherto. Simply put, people silently came to the
consensus that this scheme was correct and that it was permissible to consider
the equilibrium of an individual g-mer suspended in a gas–condensable vapor
mixture.

The theory of nucleation aims at predicting the rate of new phase formation J,
that is, the rate of production of new stable particles in unit volume as a function of
temperature, supersaturation, and some other external parameters. The free energy
of a g-mer grows at small g, passes through a maximum, and then diminishes with
growing particle size. Clusters whose size corresponds to maximal free energy are



4.7 Nucleation 109

referred to as critical clusters. These clusters are able to grow, giving life to the new
liquid (solid) phase. Below I will explain how this scheme works.

4.7.1
The Szilard–Farkas Scheme

Current kinetic approaches to the problem of the nucleation of supersaturated
vapors assume particle formation to go along a simpler scheme than that given by
Eq. (4.69) (the Szilard–Farkas scheme):

(g) + (1) � (g + 1) (4.71)

with the kinetic coefficients (forward αgc1 and backward βg rates) being known
functions of g – the number of condensing vapor molecules (monomers) – and
the parameters of the carrier gas. This scheme thus assumes that g-mers interact
only with the monomers.

Let ng be the concentrations of clusters of mass g and C be the vapor concentration.
Then the steady-state rate J of new particle production can be written as follows:

J = αg−1Cng−1 − βgng (4.72)

The right-hand side of this equation is just the number of g-mers crossing the point
g along the mass axis. In the steady state this number is independent of g and thus
equal to the productivity of supercritical embryos J. Equation (4.72) is just the set
of non-homogeneous linear algebraic equations with respect to ng . The solution to
this equation can be readily found. We introduce the auxiliary concentrations n0

g

that are the solutions to the homogeneous equation,

0 = αg−1Cn0
g−1 − βgn0

g (4.73)

Many authors consider Eq. (4.73) as a formulation of the principle of detailed
balance expressing n0

g in terms of the equilibrium characteristics of the embryos.
It was emphasized long ago by Lushnikov and Sutugin [44] that Eq. (4.73) does
not bear on the equilibrium. Equation (4.73) is just a formal trick that solves the
non-homogeneous linear set Eq. (4.72).

From Eq. (4.72) we find

n0
g = A

αg−1αg−1 . . . α1

βgβg−1 . . . β2
(4.74)

and look for the solution to Eq. (4.72) in the form cg = Agn0
g . One recognizes the

method of variable constants in this trick. If we put the boundary condition nG = 0
at some very large G, we find the following:

1) The nucleation rate in terms of the condensation and evaporation coefficients
and the monomer concentration (see [1] for an overview and discussion of the
various approaches) looks like

JG

J2
= 1

1 + x2 + x2x3 + · · · + x2x3. . .xG−1
(4.75)
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where J2(c1) = 1
2 α1C2 is the rate of dimerization (the reaction (1) + (1) −→

(2)), C is the monomer number concentration, and

xg = βg

αgC
= n∗

g

C
(4.76)

with n∗
g = βg/αg

2) The mass spectrum in the nucleation mass interval 1 < g < G is

cg = α1

2αg
C

1 + xg+1 + xg+1xg+2 + · · · + xg+1xg+2. . .xG−1

1 + x2 + x2x3 + · · · + x2x3. . .xG−1
(4.77)

4.7.2
Condensation and Evaporation Rates

The rates βg and γg can be found from some very simple but not always correct
considerations. For example, the condensation rate is simply replaced by the
product of geometrical cross-section times the thermal velocity of vapor molecules.
In this case,

βg = π (a1 + ag )2vT (4.78)

where ag is the radius of the g-mer, and vT is the monomer–g-mer relative thermal
velocity,

vT =
√

πkT

8µ1,g
µ1,g = m1mg

m1 + mg
(4.79)

with mg the g-mer mass.
The evaporation rate is expressed in terms of the equilibrium distribution of

vapor clusters at saturation by using a detailed balance consideration. Next, this
distribution is either calculated starting with the principles of statistical mechanics
or expressed in terms of the physico-chemical constants of bulk liquids: surface
tension, bulk density, and so on [1, 4, 8, 9, 43].

The latter approach, although being the most widespread one, is essentially
restricted in describing the properties of the smallest clusters, where macroscopic
notions like surface tension or liquid-state density do not work. Meanwhile, the
initial stages of the nucleation process either appreciably affect the nucleation
rate or even totally define the latter as, for example, in the case of small ‘‘magic’’
embryos whose ability to decay is suppressed by their very high binding ener-
gies [45]. There are other situations where the initial steps of the new phase
formation are of primary importance: at very high supersaturations the mass of a
critical embryo is small and the formation process is regulated only by the dimer
stage.

Equation (4.75) clearly manifests the role of the initial stages of the nucleation
process, as follows:

1) The nucleation rate is proportional to α1 – the rate of dimer formation. This is
not such a simple process because no stable dimers can form without a third
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participant whose role is just to remove the energy excess and allow the dimer
to transfer to a bound state.

2) Mixed dimers consisting of a molecule of condensing vapor and a molecule
of the carrier gas should exist in the nucleating vapor. The formation of the
dimers of two vapor molecules proceeds easier via the exchange reaction when
the incident vapor molecule replaces the carrier gas one.

3) Each term in the denominator on the right-hand side of Eq. (4.75) (except 1,
which is typically neglected) begins with the multipliers x2, x3, . . . containing
the condensation and evaporation rates of the smallest clusters. In particular,
if there are anomalously stable small clusters at g = ga whose evaporation rate
is negligibly low, the sums in the denominators of Eqs. (4.75) and (4.77) are cut
off at g = ga. The value of ga is in no way connected with the supersaturation
ratio and may be arbitrarily smaller than the mass of the critical embryo. In this
case the critical embryos do not play a decisive role in the nucleation process.

The above list demonstrates clearly that sometimes there are no ways to avoid a
detailed knowledge of the kinetics of the smallest cluster formation in treating the
data on spontaneous nucleation.

4.7.3
Thermodynamically Controlled Nucleation

The first attempts to describe the nucleation process were based on the thermo-
dynamic theory of fluctuations. The idea was (and is) quite clear and transparent:
the molecules of a condensing vapor should occur in a volume where the inter-
molecular interaction is sufficiently strong to keep them together. In order to find
the probability of forming such a cluster (critical or supercritical embryo), it is
necessary to find the free energy of the cluster and exponentiate it. The problem is
just how to find this free energy. It was quite natural to assume that this free energy
is identical to the free energy of a liquid (solid) droplet of the condensing substance.
This assumption is not so bad for large droplets; but if the embryo is small, doubts
about the validity of such an approach can arise. Of course, it is possible to try to
find the free energy starting with the micro-principles, that is, to calculate the free
energy of the cluster by solving the respective classical or quantum-mechanical
problem. At present the most widespread expression for the nucleation rate is [13]

J =
(

2σ

πm1

)1/2
v1N2

1

S
exp

(
−16π

3

v2
1σ

3

(kT)3(lnS)2

)
(4.80)

4.7.4
Kinetically Controlled Nucleation

It is very difficult to imagine that a very slow thermodynamically controlled
nucleation scenario can be realized in the atmosphere. More likely is another
(kinetically controlled) scenario that assumes the formation of the critical embryo
after one successful collision with another vapor molecule. In this case a dimer
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forms. This dimer can grow and change to a trimer, and so on, once the latter is
stable. The formation of the dimer requires the presence of a third body that takes
away the excess energy appearing after the formation of the bound state of two
molecules. The nucleation rate in this case is proportional to the second power of
the vapor concentration.

This scenario has been investigated in detail in [24]. It has been shown that
only the bound states of the dimer contribute to the growth process, which means
that thermodynamic equilibrium is never attained in this case. The states in the
continuous spectrum are short-lived and thus should be ignored in the kinetic
consideration of the process. The kinetic approach allows one to assume that the
supercritical embryo can form via the formation of mixed clusters comprising
molecules of the condensing vapor and molecules of the carrier gas. When such a
cluster grows and reaches a thermodynamically controllable size, the molecules of
the carrier gas escape (they evaporate back from the droplet). The mixed states of
the growing embryo are apparently non-equilibrium and thus cannot be predicted
within the scope of the thermodynamically controlled scenario. As far as I know,
nobody has yet tried to consider such a type of nucleation.

Meanwhile, the existing experiments sometimes display the dependence of
the nucleation rate on the pressure of the carrier gas [43]. The kinetics of the
particle formation–growth process is described by the Szilard–Farkas scheme,
which assumes that the vapor molecules can join (or escape) one by one until
the growing particle reaches the critical mass. This kinetic scenario produces the
well-known chain of equations for the concentrations of growing particles. This set
of equations can be solved in the steady-state limit and gives the expression for the
nucleation rate in terms of the evaporation and condensation efficiencies. If one
assumes the principle of detailed balance to be valid, the evaporation efficiencies
can be expressed in terms of the equilibrium concentrations and condensation
efficiencies. Then the Szilard–Farkas scheme leads to the well-known expression
for the nucleation rate. The kinetic approach denies this step. Now it has become
evident that the secondary atmospheric aerosols in most cases form according to
the kinetic scenario.

Let us consider the dimer stage of nucleation and focus on the kinetics of
dimer formation. This means that the sum in the denominator of Eq. (4.75) is
restricted to the first two terms. This approximation is valid at sufficiently high
supersaturations.

On the other hand, dimers give us a very nice opportunity to perform an
explicit analysis, that is, to calculate exactly some values of interest and to
see what kind of approximations underlie the derivation of the expressions for
condensation–evaporation rates.

We start with the definition of the dimer. The most natural way to do this is to
consider the bound states of two particles as dimers [46]. It is this definition that has
been adopted in all ab initio calculations.

But even in the case of dimers it is not easy to answer the question: What
does ‘‘bound state’’ mean? Do we consider as dimers the quasi-stationary states
with positive energies belonging to the continuum spectrum (states below the



4.7 Nucleation 113

centrifugal barrier are meant)? The answer to the latter question is positive, for the
probability of under-barrier penetration is typically small and the corresponding
decay rates are comparable to or lower than that of the direct processes of breaking
the dimers by incident carrier gas molecules. Fortunately, as our estimations
show, the role of these states is negligible for sufficiently smooth intermolecular
potentials.

The dimers result from three-body processes (two condensing molecules and a
molecule of the carrier gas). Our consideration does not go far beyond traditional
approaches replacing real cross-sections by geometrical ones. Still, a short revision
of this point is done in order to specify the values entering into the expression of
the condensation coefficient. The decay rate of dimers can be found from a detailed
balance consideration. The classical approach and semiclassical quantization rule
are applied for calculating the energy density of bound (and quasi-bound) states
of two molecules and then the probability for a dimer to exist. After this, the
equilibrium concentration of dimers is found and the equilibrium detailed balance
consideration yields the dimer evaporation rate. This is where the expression for
the equilibrium concentration of mixed dimers (a molecule of vapor plus a molecule
of carrier gas) is given. Although this concentration is small (several percent), the
role of mixed dimers should not be underestimated.

The kinetics of nucleation via the dimer stage was considered in [46]. We
formulated and solved the set of differential equations describing the time evolution
of the nucleating system. Attention was focused on the time dependence of the
vapor concentration that practically defined all the rest: particle size spectra,
and number and mass concentrations of the disperse phase. The most essential
conclusion inferred from this consideration was that, under a wide range of external
conditions, the kinetic coefficients rescale the time–concentration plane, leaving
unchanged the dimensionless shape of the kinetic curve.

4.7.5
Fluctuation-Controlled Nucleation

Even very strongly supersaturated vapors consist of independent (non-interacting)
molecules (the interaction time is much shorter than the free flight time). However,
in such vapors, the nucleation rate is extremely high. Moderately supersaturated
vapor, in principle, always contains very highly supersaturated areas forming due
to density fluctuations. The nucleation process within these areas goes very quickly,
so the rate of nucleation is limited by the rate of formation of such fluctuation areas.
Therefore, the details of the nucleation process inside these highly supersaturated
areas are not important – it happens instantly.

Here I return to the old idea on the role of fluctuations in the nucleation process.
But in contrast to the classical thermodynamic approach, I consider the fluctuation
areas wherein the molecules do not (yet) interact. The vapor density is sufficient for
creating high supersaturation, but it consists of non-interacting molecules. It is clear
that such a scenario can be described by the scheme, 1 + 1 + 1 + · · · + 1 −→ G∗.
The rate of the process is proportional to the vapor concentration to the power
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G∗. This very type of nucleation has been introduced and investigated in [46]. It is
important to emphasize that the formation of particles by nucleation alone cannot
be observed directly. The point is that the nucleation process is accompanied by
coagulation, and the latter process is also very swift. So just formed (by nucleation)
particles coagulate, and we observe only the final result of this process. This means
that the observed nucleation rate is slower than that predicted by the nucleation
theory alone.

The nucleation rate for fluctuation-controlled nucleation is

J = ACG∗ (4.81)

This very expression was used in [46–50] for studying nucleation-controlled processes
of particle formation–growth (see the next sections).

4.8
Nucleation-Controlled Processes

In this section we consider the nucleation-controlled processes of particle formation
and growth [48–52]. A nucleation process produces particles that are able to
consume the vapor and remove the supersaturation. After this, the nucleation
process ceases, but the particles already formed continue to grow by condensation
and coagulation. This effect is referred to as the nucleation burst.

4.8.1
Nucleation Bursts

Here we consider the development of the aerosol state, making the following
assumptions:

1) At the initial moment of time, the source of a condensable vapor is switched
on. The productivity of the source (the number of particles produced per unit
volume per unit time) is I(t) = I0i(t), where I0 is the dimensionality carrier
and the dimensionless function i(t) describes the time (t) dependence of the
productivity.

2) At t = 0 there exists a foreign aerosol with known size distribution, distributed
over particle masses g as N(g, 0) = N0n(g, 0), where N0 = ∑

N(g, 0) is the
particle number concentration and the particle mass g is measured in units of
the masses of the condensable molecules.

The qualitative picture of the development of the situation looks as follows
(Figure 4.4). At the initial period, the concentration grows linearly with time (for
simplicity we consider i = 1), and then it begins to bend because part of the
vapor condenses onto foreign particles. At t = t∗, when the vapor concentration
reaches a sufficiently high level for the spontaneous nucleation process to start,
newly born particles appear and also begin to consume the vapor. The vapor
concentration thus passes through a maximum whose value is determined either
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Figure 4.4 Schematic picture of the nu-
cleation burst. A source of productivity J
produces a condensable gas that at some
critical concentration is able to nucleate and
produce aerosol particles (curve 1). These
aerosol particles, in turn, serve as a sink for
the condensable molecules. The particles
thus remove the supersaturation and lower
the gas concentration below the threshold of

nucleation. The nucleation ceases, but the
newly formed particles continue to grow by
consuming the condensable molecules. This
very short nucleation event is referred to as
the nucleation burst. A foreign aerosol pre-
senting in the carrier gas is able to prevent
the nucleation burst by consuming the ex-
cess of the condensable vapor (curve 2).

by the nucleation rate or by the rate of vapor loss by condensation onto foreign
particles. The nucleation process stops at t = t∗∗ when the vapor concentration
level drops below the critical value c∗ and results in the formation of fine particles.
The number concentration of the latter depends on the characteristics of foreign
particles: their number concentration and some geometrical characteristics (more
complex than simply average particle radius or average particle surface [49]). In the
post-nucleation stage, the evolution continues mainly due to the growth of foreign
particles by simultaneous joining of the vapor molecules and the smaller particles
to larger ones.

4.8.2
Nucleation-Controlled Condensation

New phase formation in first-order phase transitions often goes through a disperse
phase state, that is, the new phase appears as disperse particles suspended in
a carrier medium. The processes responsible for disperse particle formation
are:

• formation of stable embryos by nucleation,
• their growth by condensation, and
• coagulation aging of the thus-formed disperse system.

The kinetics of nucleation-controlled formation and condensational growth of
disperse particles is considered under the following two assumptions:
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1) Only a small amount of condensable substance nucleates and forms particles
that grow by condensing the rest of the substance.

2) The condensation efficiency is a power function of the particle mass.

A non-trivial perturbation theory with respect to the smallness parameter

µ = (mass of nucleated matter)/(total mass of condensable matter)

is developed, allowing one to describe the source-enhanced and free (no source)
condensation processes in terms of two universal functions: the particle mass
spectrum, and the concentration of condensable matter. The theory relies upon a
renormalization group transformation that either totally removes the smallness
parameter from the evolution equations (if the nucleation rate is an algebraic
function of the concentration of condensable matter) or leaves it in the expression
for the nucleation rate, where this parameter defines only the concentration scale
of the nucleation process (for nucleation rates of general form). The theory is
illustrated by the exact analytical solutions of the nucleation–condensation kinetic
equations for three practically important cases:

• gas-to-particle conversion in the free-molecule regime,
• formation and diffusion-controlled condensational growth of islands on surfaces,

and
• formation and diffusion-controlled growth of disperse particles in the continuum

regime.

The analytical expressions for mass spectra of growing particles are found in the
case of free condensing particles. The final mass spectra in free condensing systems
display rather unusual behavior: they are either singular at small particle masses
or not, depending on the value of the power exponent in the mass dependence of
the condensation rate.

Here we return to a simple model of particle formation–growth already studied
in [46]. The model considers particle formation by nucleation and their subsequent
condensational growth in a spatially uniform gas–vapor mixture. A simple power
dependence of the condensation efficiency α(g) on the particle mass is assumed,
α(g) = αgγ , where g is the number of molecules in the particle, and α and γ are
constants. In [46] it was shown that, at γ = n/(n + 1), with n being an integer, the
condensation stage can be described in terms of n + 1 moments of the particle mass
distribution, and that all the kinetic curves are universal functions of a specially
defined universal variable playing the role of time. One question immediately
arises: Does this universality hold for other γ ? Here we give a positive answer to
this question and propose a renormalization procedure valid in the general case.

The rescalings of the vapor concentration C(t) = C0c(θ ), time t = t0θ , particle
mass g = g0y, and particle mass spectrum N(g, t) = N0n(y, θ ), with

C0 = t0 = µ−(1−γ )/(4−2γ ) g0 = µ−1/(2−γ ) N0 = µ(3+γ )/(4−2γ ) (4.82)

for source-enhanced condensation, or

t0 = µ−(1−γ )/(2−γ ) g0 = µ−1/(2−γ ) N0 = µ2/(2−γ ) (4.83)
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for free (no source) condensation, remove the smallness parameter µ from the
governing equations and allow for the (already dimensionless) evolution equations
for the vapor concentration and particle mass spectrum to be cast into a universal
form.

The final expression for the particle mass spectrum is found in the form:

n(y, τ ) = 1
yγ

j(x)
c(x)

�(x) (4.84)

where x = τ − (1 − γ )−1y1−γ, j(x) = j(c(x)/cc) is the dimensionless nucleation rate,
c/cc is the supersaturation, τ = ∫ t

0 c(t′) dt′, and �(x) is the Heaviside step function.
The dimensionless concentration satisfies the equation

c
dc

dτ
= 1 − (1 − γ )γ /(1−γ )c

∫ τ

0
(τ − ζ )γ /(1−γ ) j(ζ )

c(ζ )
dζ (4.85)

It is not a problem to solve this equation numerically or even analytically. In
particular, for free particle growth in the free-molecule regime and barrierless
nucleation, one finds the final mass spectrum in the form

n(y) = y−2/3 cosh( 1
2 π − 3p0y1/3) sin(3p0y1/3)�( 1

2 π − 3p0y1/3) (4.86)

where p0 = (18)−1/4. The spectrum is thus stretched from y = 0 to y = ymax =
(π/6p0)3.

The particle mass spectrum is characterized by only one mass parameter µ−3/4

and cannot be described by a narrow curve. The characteristic size scale is a0µ
−1/4,

where a0 is the molecule size (on the order of 0.1 nm). The value of maximal
particle radius is thus on the order of 10 nm at µ = 10−8.

The most essential step made here and in earlier papers [47–49] is the effective
use of the relative smallness of the vapor mass spent in nucleation compared to
the total vapor mass. This parameter is believed to be almost always small: the total
mass of the aerosol comes from the vapor condensation onto the particles formed
by nucleation. This fact immensely simplifies the consideration of the kinetics of
nucleation–condensation processes.

4.8.3
Nucleation-Controlled Growth by Coagulation

Here we present a simple model of the particle formation–growth process that
takes into account nucleation, condensational growth, and coagulation [48, 49,
53–55]. The particles are assumed to form in the free-molecule regime. We
consider the free-molecule regime not only because of its practical importance, but
also because the simple and specific dependence of the condensation efficiency on
the particle mass, α(g) = αg2/3 (g being the number of molecules in the particle),
allows the whole consideration to be restricted to three moments of the particle
mass distribution. These moments satisfy the set of four first-order differential
equations together with the vapor concentration. Some complications appear if the
process involves other moments. In this case the assumption on log-normal shape
of the particle mass distribution function saves the simplicity of the scheme.
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We assume next that there is a spatially uniform source of condensable vapor
of productivity I, and only a small amount of condensable vapor is spent on
nucleation. The newly born particles grow after the nucleation burst by condens-
ing the non-volatile vapor onto their surfaces and changing their total number
concentration by coagulation.

Although we consider here the barrierless nucleation (the nucleation rate J
is proportional to the squared vapor concentration C), the results can be easily
extended to arbitrary dependence of the nucleation rate on supersaturation. This
is absolutely clear, because the time of the nucleation burst is much shorter than
other characteristic time scales. On the other hand, the barrierless nucleation is
very often met in the processes of formation of nanomaterials and functionally is
rather simple to operate with. So we assume J = AC2.

Our model uses the moment method, which is very well suited for considering
the particle formation–growth process in the free-molecule regime. Lushnikov and
Kulmala [46–50] discussed the application of this method to growth processes
in the free-molecule regime and found that three moments of the particle size
distribution and the concentration of condensable vapor can be described in terms
of universal functions, with all details of the process being hidden in the scales of
the time and concentration axes.

This approach can be extended by including the coagulation process into consid-
eration. We show that there are two different scales of time, the shorter of which
defines the dynamics of the nucleation–condensation stage, while the longer
one scales coagulation aging. It is found that each stage is described by a set
of four universal functions that satisfy four (different for each stage) first-order
differential equations, the right-hand sides of which contain coagulation inte-
grals. These integrals are evaluated and expressed in terms of the parameters
of the log-normal particle mass distribution. In contrast to commonly accepted
approaches, these parameters include the particle number concentration, and
two moments of the order of 1/3 and 2/3. This step allows one to formulate
the close set of equations for these three values and the vapor concentration.
This set contains the smallness parameter µ = A/α, which cannot be treated
by a straightforward application of perturbation theory. However, two rather
non-trivial rescalings allow for the separation of the nucleation–condensation and
coagulation–condensation stages of the particle formation–growth process and the
formulation of two closed sets of equations not containing the smallness parameter
at all.

It is shown that the time for the condensation–nucleation stage is longer than the
characteristic condensation time 1/

√
Iα by the factor µ−1/8. The particle number

concentration contains the smallness parameter to the power 5/8: φ0 ∝ µ5/8
√

Iα.
The coagulation stage is longer than the condensation stage by µ−3/16. Asymp-

totic analysis shows that the moments and particle number concentration are
algebraic functions of time: φ1/3 ∝ t−3/5, φ2/3 ∝ t1/5, and φ0 ∝ t−7/5. These values
of the exponents correspond to the predictions of the self-preservation theory for
source-enhanced coagulation in the free-molecule regime. Numerical analysis con-
firms these power laws and gives the values of the constants before the powers. The
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above asymptotic dependences correspond to a constant width of the log-normal
function (s = 0.69 for the source-enhanced growth process).

4.8.4
Nucleation Bursts in the Atmosphere

Regular production of non-volatile species of anthropogenic or natural origin in the
atmosphere eventually leads to their nucleation, formation of tiny aerosol particles,
and subsequent growth. The aerosol thus formed is able to inhibit the nucleation
process because of condensation of non-volatile substances onto the surfaces of
newly born particle surfaces. This process is referred to as the nucleation burst
[9, 56].

The dynamics of atmospheric nucleation bursts possesses its own specifics – in
particular, particle production and growth are suppressed mainly by pre-existing
aerosols rather than by freshly formed particles of nucleation mode [21, 48,
49, 57, 58]. In many cases the nucleation bursts have a heterogeneous nature.
The smallest (undetectable) particles accumulated during the night-time begin
to grow at day-time because of sunlight-driven photochemical cycles producing
low-volatility (but not nucleating) substances that are able to activate the aerosol
particles [59]. Stable sulfate clusters [60–62] can serve as heterogeneous embryos
provoking the nucleation bursts.

Nucleation bursts have been observed regularly in atmospheric conditions and
shown to serve as an essential source of cloud condensation nuclei [61, 63].

Now it becomes more and more evident that the nucleation bursts in the
atmosphere can contribute substantially to the production of cloud condensation
nuclei [64] and can thus affect the climate and weather conditions on our planet
(see, for example, [65, 66] and references therein). Present opinion connects the
nucleation bursts with the additional production of non-volatile substances that can
then nucleate, producing new aerosol particles, and/or condense onto the surfaces
of newly born particles, foreign aerosols or atmospheric ions. The production of
non-volatile substances, in turn, demands some special conditions to be imposed
on (i) the emission rates of volatile organic compounds from vegetation, (ii) the
current chemical content of the atmosphere, (iii) the rates of stirring and exchange
processes between the lower and upper atmosphere, (iv) the presence of foreign
aerosols serving as condensational sinks for trace gases (accumulation mode) and
as coagulation sinks for the particles (nucleation mode), and (v) the interactions
with air masses from contaminated or clean regions [58, 61–63, 67–72]. Such a
plethora of very diverse factors, most of which have a stochastic nature, prevents
direct attacks on this effect. A huge amount of field measurements of nucleation
burst dynamics have appeared during the past decade [58, 61, 63, 67, 69–81].

Attempts to model this important and still enigmatic process also appeared
rather long ago. Here we avoid the long history of this problem and cite only the
recent models that have appeared in the twenty-first century [65, 81–92]. Extensive
earlier citations can be found in these papers. All models (with no exception) start
from the commonly accepted point of view that the chemical reactions of trace
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gases are responsible for the formation of non-volatile precursors, which then give
rise to subnanometric and nanoparticles in the atmosphere. In their turn, these
particles are considered as active participants of the atmospheric chemical cycles
leading to particle formation [76, 93–95]. Hence, any model of nucleation bursts
included (and includes) coupled chemical and aerosol blocks. This coupling leads to
strong nonlinearities, which means that all intra-atmospheric chemical processes
(not all of which are, in addition, firmly established) are described by a set of
nonlinear equations, and there is no assurance that we know all the participants of
the chemical cycles leading to the production of low-volatility gas constituents that
then convert to the tiniest aerosol particles. The results of modeling the nucleation
bursts in the atmosphere are shown in Figure 4.5.

The special significance of atmospheric sulfuric acid was emphasized in [96].
Although its total concentration is not enough to provide the observed particle
growth, the primary role of H2SO4 in the processes of atmospheric nucleation has
been proven in a number of works.

4.9
Conclusion

In this chapter we have considered condensation, evaporation, and nucleation.
These three processes together with coagulation are responsible for particle for-
mation and growth processes. We have emphasized that aerosols are not static
objects. In principle, they cannot exist in the equilibrium state. They always change
(sometimes very slowly). Evaporation decreases the particle size because of the loss
of molecules from the particle surface. On the contrary, condensation increases
the particle mass and size by joining molecules of condensable vapors from the
carrier gas. These two effects can be described within the single-particle model, that
is, the collection of aerosol particles does not affect these processes. Coagulation
of aerosols is principally different in this respect. The aerosol particles are able
to coalesce on colliding, thus producing larger daughter particles. The role of the
particle collection is of principal importance in this case.

Condensation has been considered as particle growth due to collisions be-
tween particles and condensable molecules. A molecule hitting a particle surface
is captured by the particle. The rate of this process is proportional to the dif-
ference in the number concentrations of the condensable molecules far away
from the particle and at the particle surface. The proportionality coefficient (re-
ferred to as the condensation efficiency) has been found for three regimes of
condensable molecule motion toward the particle surface. I have repeated the
derivation of the expressions for the condensation efficiency for the free-molecule
and continuum regimes (small and large particles compared to the mean free
path of the condensable molecules). Then the transition regime of condensation
has been discussed in detail. The main result of this section is the deriva-
tion of the formal expression for α(a). This expression sheds new light on the
nature of the well-known and widely used approximations currently used. In
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Figure 4.5 Nucleation bursts in the atmo-
sphere. Time evolutions of the particle size
spectrum. (a) An example of day-time nu-
cleation. The source of tiny particles begins
to work simultaneously with the photochem-
ical production of low-volatility substances
providing particle growth. (b) An example

of night-time nucleation and subsequent
growth. The maximal intensity of the source
is shifted back by 12 h. The source does not
work during the day-time and the particles
produced during the night-time grow in the
free (no source) regime.
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addition I have demonstrated the derivation of a new approximate formula for
α(a).

Evaporation is the loss of molecules from the particle. This process is always
possible because of thermal fluctuations of single-molecule energies. When the
molecular energy exceeds the potential barrier created by other molecules in the
particle, the respective molecule is able to escape from the particle. The rate
of evaporation can be expressed through the equilibrium vapor pressure and the
condensation rate. There are other approaches that consider the escape of molecules
from particles starting from first principles.

The chemical content of aerosol particles is important for the evolution of the
aerosol. It affects the rates of physico-chemical processes and plays an important
role in establishing the chemical state of the environment. I have classified all
(known to me) chemical processes that can influence the fate of the aerosol
particles. In particular, the chemical content of particles defines the equilibrium
pressure over the particle surface and thus the rate of condensational growth. In
this section I have investigated the role of the mass accommodation efficiency in
the processes of particle growth and evaporation. The consideration of this section
allows one to understand better the processes accompanying condensation and
evaporation. It has become clear that evaporation is just the diffusion of foreign
molecules in the potential well created by the molecules of the host material
and subsequent diffusion in the gas phase (on crossing the potential barrier at
the particle surface). The pressure of the evaporating molecules is limited by the
transport processes inside and outside the particle.

After a short discussion on what the term ‘‘nucleation’’ means, I have consid-
ered three scenarios of nucleation: (i) thermodynamically controlled nucleation,
(ii) kinetically controlled nucleation, and (iii) fluctuation-controlled nucleation.
The main task of this consideration has been the derivation and discussion
of the expression for the nucleation rate. The nucleation problem is not yet
resolved.
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K.E.J., Mäkelä, J.M., Aalto, P., and
O’Dowd, C.D. (2002) Condensation
and coagulation sinks and formation
of nucleation mode particles in coastal
and boreal boundary layers. J. Geophys.
Res., 107, (D19), 8097.

59. Kulmala, M., Lehtinen, K.E.J., and
Laaksonen, A. (2006) Cluster activation
theory as an explanation of the linear
dependence between formation rate
of 3 nm particles and sulphuric acid
concentration. Atmos. Chem. Phys., 6,
787–793.

60. Kulmala, M., Pirjola, L., and Mäkelä,
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5
Combustion-Derived Carbonaceous Aerosols (Soot) in the
Atmosphere: Water Interaction and Climate Effects
Olga B. Popovicheva

5.1
Black Carbon Aerosols in the Atmosphere: Emissions and Climate Effects

In recent years, significant man-made climate changes have become increasingly
evident. Anthropogenic aerosols from combustion sources have substantially in-
creased the global burden of aerosols with respect to those of pre-industrial times.
Global emission estimates for submicrometer carbonaceous aerosols are as high as
8–17 Tg/year depending on the various combustion sources considered, emission
factors, and fuel use [1, 2]. The emissions from fuel oil combustion (industrial
and residential), transportation (highway, aviation, and shipping), and biomass
burning (wildfires and domestic wood burning) account for approximately 25% of
all anthropogenic fine aerosol emissions. Black carbon (BC) aerosol is a ubiquitous
substance that is produced by incomplete combustion of hydrocarbon fuels. It
may be found in the atmosphere, soils, and sediments as a long-term geochemical
sink of carbon and is a tracer of anthropogenic activity in urban regions. The
contribution of fossil fuel is estimated as 38% of the global inventory of combustion
aerosol emission [2].

Over the past years, combustion-derived aerosols have gradually received wider
attention, owing to their environmental and climate impacts on the global scale
and to health risks on the local scale. The physical, chemical, and toxicological
characteristics of BC particles may vary significantly between urban and rural
regions, and between continental and marine environments. In urban areas,
the aerosol emitted by diesel engines is considered to be a dangerous pollutant
affecting human health, especially near regions of public transportation (roads
and harbors). Such aerosol may aggravate respiratory, cardiovascular, and allergic
diseases [3].

Combustion-generated aerosols are currently attracting increasing attention
because of the possible impacts on the radiation budget and clouds. The Inter-
governmental Panel on Climate Change (IPCC) has stressed the importance of
producing comprehensive estimates of anthropogenic aerosol ‘‘forcing’’ in order
to gain an understanding of the most important aspects of climate change [1].
The radiative effect is typically expressed in terms of ‘‘forcing’’: the change in net
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radiation flux at the tropopause, which has units of watts per square meter. The
greenhouse effect of heat-trapping gases such as CO2 is the best known of the global
atmospheric changes, being the largest in terms of global average, at a forcing of
about +2.5 W m−2 [1]. An opposing effect, cooling the atmosphere, is provided
by increases in scattering or reflective aerosols, primarily sulfates: their current
forcing is near −0.4 W m−2. While many aerosols reflect light back to space, only
carbonaceous aerosols (also termed black carbon in optical studies) dominate light
absorption by aerosols in many regions. A direct radiative warming effect due to
fossil-fuel BC is estimated by a forcing up to 0.4 W m−2, while higher estimates
have resulted from considering biomass burning near the most polluted areas in
Europe, a maximum forcing of 2 W m−2 [4]. Anthropogenic BC is predicted to raise
globally and annually averaged equilibrium surface air temperature by 0.2 K, and
even by as much as 0.4 K if BC is assumed to be internally mixed with sulfate
aerosols [5].

One of the most pressing problems of research priority in climate estimates of
BC aerosol impacts is their influence on cloud radiative properties [6]. Scheme 5.1
presents the major climate effects of BC aerosols. The first indirect effect is that
BC aerosols increase the cloud droplet concentration serving as cloud condensation
nuclei (CCN) and thereby decrease the cloud effective radius (the ‘‘radius’’ effect).
Well-absorbing particles may induce a specific semi-direct effect relating to the
heating of the air and cloud evaporation (the ‘‘heating’’ effect), which can change
the vertical temperature profile and the dynamic structure of clouds. The second
indirect effect is that a decreased cloud droplet effective radius decreases the
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Domestic heating Road transport

Aviation

Industry

Direct
radiation
effect

First indirect
“radius”
effect
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“lifetime”
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Scheme 5.1 Climate effects of BC aerosols.
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rate of precipitation, causing longer cloud lifetime and higher cloud amount (the
‘‘lifetime’’ effect). The indirect effect of BC anthropogenic aerosols on changing
the cloud optical properties is the most uncertain component of climate forcing
over the past 100 years [7].

Currently, emissions of particulate matter from ships is gaining increasing
attention because shipping may contribute significantly to the total global BC
budget, but its emissions are poorly known in comparison with those from
land-based transport [8]. Observations confirm that diesel-engine-powered ships
burning heavy fuel oil may contribute to CCN in marine stratus clouds and produce
ship tracks that change the cloud reflectance, while the impact of ships burning
diesel distilled fuel is considerably less [9].

Industry, road transport, and residential wood burning compose the BC sources
located over land. Even if they do not produce visible cloudiness, their particulate
emission is lifted by convection and could substantially impact the tropospheric
BC aerosol loading [10]. However, while diesel particulate emission in urban areas
has been of great concern in the past years, the other emissions are still not well
described.

A number of global climate and radiative transfer models [6, 7, 10] have estimated
the first indirect BC aerosol effect, providing a value near −1.5 W m−2. However,
the uncertainty in their estimations remains one of the highest in climate studies
today. This is due to the high inhomogeneity of BC aerosol emission and bur-
den, and to the complex relationship between aerosol physico-chemical properties
and cloud microphysics. The situation is complicated by: (i) the wide variety of
combustion sources burning gaseous, liquid, and solid fuels in different engines,
boilers, stoves, and ovens; (ii) the source-dependent properties of the emitted soot
particles; and (iii) an incomplete database for the behavior of soot aerosols in
the humid atmosphere. The advanced global climate models currently simplify
the situation by assuming that BC particles are initially hydrophobic and act as
CCN only after they have become internally mixed with sulfates, thus leaving
out any consideration of the hydration properties of the original combustion
aerosols.

Remote-sensing observations and theoretical studies of the Earth’s climate
prove that clouds provide a strong influence on the radiative energy balance.
In this context, ice-nucleating aerosols have special significance because they
may allow ice nucleation at lower supersaturations than those required for ho-
mogeneous freezing, resulting in an increase of the cirrus cloud coverage and
changing its microphysics and optical properties [11]. Analysis of ice-nucleating
aerosols taken in cirrus clouds showed that they are dominated by carbona-
ceous particles [12]. However, there is considerable uncertainty regarding the
quantitative estimate of the ice-nucleating ability of combustion-derived aerosols
in the upper troposphere because using in situ measurements it is difficult to
obtain unambiguous evidence that BC aerosols are directly involved in cloud
formation.

A potentially strong indirect aerosol effect on ice crystals has been inferred
by including heterogeneous ice nucleation on carbonaceous aerosols along with
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homogeneous freezing of sulfate aerosols into the microphysical models of cirrus
clouds [11, 13, 14]. Cirrus clouds appear to be far more sensitive to the impact
of heterogeneous freezing ice nuclei (IN) increases than they are to increasing
numbers of sulfate aerosol particles. Adding even a small number of, but effi-
cient, heterogeneous IN to a region where ice crystals form primarily through
homogeneous freezing can lead to a marked suppression of the relative humidity
(RH) with respect to ice (RHi) and can thereby reduce cirrus ice crystal number
densities. Moreover, the importance of the heterogeneous freezing compared to
the homogeneous freezing nucleation process depends greatly on the particle size
and the mass percent in the droplet [11]. The presence of insoluble particulates at
sizes greater than 0.5 µm within just a few percent of the CCN population lowers
the ice crystal concentration by an order of magnitude in comparison with smaller
size particles of 0.08 µm. Less frequent observations of RHi above 130% outside
of clouds in the Northern Hemisphere compared to the Southern Hemisphere
may support the assumption that heterogeneous freezing on combustion aerosols
occurs at least in some polluted regions of Northern Hemisphere midlatitude
cirrus clouds [15]. However, in the background atmosphere, BC aerosols should
be present mixed with other aerosols, whereas the fraction of particles possessing
specific heterogeneous ice-nucleation activity may be relatively low except perhaps
in relatively undiluted source plumes (for example, aircraft exhausts or biomass
burning plume).

Recent campaigns of BC particle measurement in the upper troposphere have
reported their mean number density to be on the order 0.1 cm−3, co-varying
in density with commercial air traffic fuel consumption [1]. The highest BC
concentrations in the upper troposphere can be found in regions over the USA
and Europe. Aviation can cause large-scale increases in the BC particle number
concentration of more than 30% in regions highly frequented by aircraft [10].
Although the amount of soot, sulfur, metal particles, and nitrogen oxides emitted
from airplanes is small compared to the total loading in the atmosphere, at the
altitude of aircraft flight these emissions may represent a dominant source.

Aviation-produced soot aerosols are suspected to enhance contrails and cirrus
formation [16], thus giving rise to a positive radiative forcing [17]. A major source
of uncertainty in assessing the impact of aircraft-emitted soot aerosols on climate
change is their role in contrail formation and secondary effects on cirrus formation
through potential action as IN. Enhancement in the frequency of occurrence of
cirrus clouds up to 10% per decade strongly suggests that emitted soot may act as
IN for cirrus formation. The maximum estimate of the number concentration of
aircraft-emitted soot particles results in an increase of the potential IN up to 50%
at the main aircraft flight altitude [10].

The phenomenon of aircraft contrail formation has attracted much attention as
a visible and direct anthropogenic impact upon the atmosphere because: (i) field
observations in aircraft plumes indicate that jet exhaust aerosols with diameters
D > 0.01 µm mainly consist of BC particles [18]; (ii) the sampling of ice residuals
in contrails [19] and in ice-nucleating aerosols from aircraft plumes [12] shows
that they are mostly composed of BC with small amounts of oxygen, sulfur,
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and metals; and finally (iii) optical observations of an internal mixture of ice–BC
aerosols in plumes [20] directly confirm theoretical model predictions showing [21]
that exhaust soot particles may serve as IN. Other studies suggest that the soot
aerosols from evaporated contrails make their way into natural cirrus clouds and
may affect their microphysical properties [22].

The quantification of aircraft-emitted soot impact has been advanced, but the
state of scientific understanding is still poor, mainly because of insufficient studies
of the ice-nucleating ability of atmospheric soot aerosols forming the contrails and
cirrus clouds. Indeed, sparse documentation exists on the CCN and ice-nucleating
properties of soot particles and on the relationship between the physico-chemical
characteristics of these particles and their ability to take up water. Laboratory
studies can provide relevant information concerning soot CCN and IN behaviors.
However, the literature concerning soot studies in the laboratory shows the use of
a great variety of combustion sources and soot surrogates for atmospheric studies.
Commercially available soots [23, 24], spark discharge soot [25, 26], and samples
produced by different burners and fuels [27–31] have all been used to study the
CCN and/or IN activity of soot particles. These different particles represent a variety
of physico-chemical properties, leading to differences in their water/ice nucleation
ability. Combustion aerosols generated by burning acetylene fuel in a welding
torch under high oxygen conditions as well as by flaming wood combustion have
demonstrated the highest CCN activity: the ratio of the number of CCN to the
total number of condensation nuclei (CN) is near 0.49 and 0.72 for these aerosols,
respectively, at 1% supersaturation [31]. In contrast, the open burning of JP-4
aviation fuel produced soot particles of weak CCN activity (CCN/CN ≈ 8 × 10−3)
for similar conditions. Unfortunately, not all such studies have characterized the
properties responsible for soot hygroscopicity and CCN activity such as composition
and water-soluble fraction. The great variety of physico-chemical properties of soots
produced by different laboratory combustion and commercial sources remains the
problem in the application of laboratory-made soot for atmospheric studies [32].

The lack of experimental data on the microstructure, composition, and hygro-
scopicity of original soot from aircraft engines has led some investigators [21] to
assume that all exhaust soot particles are hydrophobic. Moreover, Kärcher et al. [21]
assumed that the properties of aircraft-engine-generated soot are similar to those
of graphitized soot, having a perfectly homogeneous surface and an extremely
low density of chemical heterogeneities (surface functional groups). In that case,
to activate water adsorption, a hygroscopic coverage (for example, of sulfuric acid)
should be formed on the surface of the emitted soot particles by interaction with
gas and gaseous particles in the plume. However, such assumptions did not allow
a few general questions arising from the observations to be answered, namely why
supersaturation with respect to water is needed for visible contrail formation [33],
and why changes in the fuel sulfur content have little impact on the threshold
for contrail formation [34]. Therefore, it is reasonable to reconsider the hypoth-
esis about hydrophobic exhaust soot and to assume an initial heterogeneity of
engine-generated soot particles with respect to their microstructure and chemical
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composition, which should lead to the ability to take up water in the condensation
process.

The mechanism that could lead to heterogeneous ice nucleation by soot particles
at the cirrus level and in lower tropospheric clouds is not clear. Numerical simula-
tions [11] focus on immersion freezing nucleation because of the low likelihood of
finding completely insoluble particles available for direct ice deposition nucleation.
The lack of observation and laboratory data has led some investigators [13, 14] to
evaluate the effectiveness of heterogeneous freezing versus homogeneous freez-
ing, hypothetically assuming that soot particles act as immersion freezing nuclei at
RHi = 130%. They conducted a scenario with hypothetically assumed heteroge-
neous freezing ability of soot particles, where the specific soot physico-chemical
properties are not considered. As a result, a lot of uncertainties remain in estimates
of the role of soot aerosols in cold cloud formation [35].

However, soot particles emitted into the atmosphere from a great variety of
combustion sources have a wide range of natural variability with respect to
physico-chemical properties, including composition and hygroscopicity. The situ-
ation is complicated by the limited possibilities for in situ exhaust measurement
of soot characteristics, such as wetting, water uptake, and surface chemistry. Experi-
ments in which actual combustion particles are collected and characterized offer a
direct method for studying atmospheric soot–water interactions while mitigating
the expense and difficulty of direct atmospheric sampling. Test experiments at
ground aircraft engine facilities are an example of such characterization studies.
In the PartEmis gas turbine engine measurement experiments [36, 37], the impact
of the fuel sulfur content on the hygroscopic growth factors and on CCN activities
of exhaust soot particles were reported. The morphology, microstructure, and
chemical composition of original aircraft engine combustor (AEC) soot generated
by burning TC1 aviation kerosene in a typical gas turbine engine combustor were
described in Popovicheva et al. [38]. Possible pathways for CCN and IN activation
of AEC soot through the condensation freezing mode have been suggested in
Popovicheva et al. [38] and Shonija et al. [39].

Therefore, a starting point for research in order to evaluate the effects of
anthropogenic aerosols on climate, and specifically on clouds, is to document the
nature of the particulate emissions from major combustion sources and to quantify
their interactions in the humid environment.

5.2
Physico-Chemical Properties of Black Carbon Aerosols

Carbonaceous aerosols are generated from traffic and industry burning fossil
fuels, from outdoor fires, and from households burning coal and biomass fuels.
Since the formation of carbonaceous particles depends on several factors (for
example, type of fuel, temperature, and duration of combustion), its morphology
and composition are also expected to vary considerably. BCs comprise distinct
particle types. During combustion, small particle aggregates (soot) and/or large
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spherical or layered structural residuals (char/charcoal) are formed [40–42]. For
wood burning, liquid-like agglutinated structures with no well-defined boundaries
are typical [40]. Owing to contamination of fuel, some mineral compounds may
pollute these particles or even form distinct ash residuals [43]. The basis feature that
all BCs share is a matrix formed from layers of polycyclic aromatic rings. Features
that are variable include the presence of associated organics, carbon–oxygen
functionalities, and inorganic impurities.

The microstructure and composition of combustion-generated particulates could
have significant effects on their roles and fates in the environment. A specific key
property of combustion-derived aerosols, important to all major potential climate
impacts of BCs, is their behavior in the humid atmosphere, their ability to act as
CCN and IN. Indirect BC effects are critically dependent on the particle hydrophilic
properties – cloud activation is determined solely by the ability of a particle to take
up water in a supersaturated environment. Therefore, current investigations are
focused on experimental characterizations of key physico-chemical properties of
combustion particles relating to water uptake. The volatile, soluble organic, and
water-soluble fractions are analyzed. Surface chemistry related to surface functional
groups (functionalities) and ion composition are determined. Special attention is
paid to the solubility in water of different classes of inorganic and organic surface
compounds, since the water-soluble fractions play a crucial role in analyzing the
ability of aerosol particles to serve as CCN/IN in the atmosphere.

Directly related to poor knowledge of identifying surface properties, uncertainties
exist in understanding the detailed role of the composition of surface compounds
in the interaction with water, and in the prediction of the effects of the BC
particulates in a humid atmosphere. A major emphasis of the present section
is to provide those combustion particle characteristics which are related to or
responsible for environmental impact, more precisely for interaction with water
vapor and freezing.

5.2.1
General Characteristics

Combustion-derived residuals are revealed in distinctive physical forms. As com-
monly accepted, soot is a product of incomplete burning of hydrocarbon fuels.
However, sometimes the particles from spark discharge with graphite rods are also
called soot. Commercial carbon black is a material generated by high-temperature
combustion of petroleum feedstock and natural gas. Diesel soot is produced by the
operation of heavy-duty truck diesel engines and corresponds to traffic-derived BC,
as the particulate emission factors of gasoline engines are smaller by several orders
of magnitude.

There are numerous articles and excellent reviews on the formation and
structure of soot particles in diffusion flames and diesel environments (see,
for example, [44]). First, hydrocarbon fuel degrades (fuel pyrolysis) into small
radicals from which the formation of aromatic rings occurs mainly via the
addition of acetylene and polyaromatic hydrocarbons (PAHs) in fuel-rich areas
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(particle inception). The increase of soot nuclei size is assumed to happen by
both coalescence of large aromatic structures and surface growth. It is a stage
in the formation of the elemental carbon (EC) soot structure. With the decrease
of the temperature in the flame, the primary particles coagulate into chain- or
grape-like (aciniform) aggregates and many of them may be subsequently oxidized.
Hydrocarbons, soluble organics, and inorganic sulfur-containing materials of
atomized fuel and evaporated lubrication oil appear in the plume as soluble organic
compounds and sulfuric acid or sulfates. They may condense on the particle
surface. Fuel metal impurities are found to exhibit catalytic activity for soot nuclei
formation and lead to the formation of an inorganic ash fraction of soot particles.

Soot from any combustion source reveals surface irregularities over several
length scales, which is a typical fractal agglomerated structure. Morphological
studies on soot agglomerates have a long and elaborate history [45]. The degree
of aggregate compactness, fractal dimension, varies from 1.7 to 2.4 for particles
originating from diesel engine exhaust, from laboratory burning diesel fuel and
natural gas, as well as from spark discharge generation [46–48]. But an often-cited
soot structure consisting of point-contacting spheres assembled into branched
fractals is rather the model assumption. In contrast, transport, commercial carbon
black, and laboratory-generated soots typically appear as compact aggregates with
primary particles that are not clearly defined [49, 50].

Figure 5.1a shows the typical morphology of aggregates of laboratory-made
kerosene flame soot [51]. On a primary particle scale (see Figure 5.2a), they appear
mostly as significantly merging spheroids with distortions and irregularities.
Therefore, their size may be only roughly estimated. There is remarkable similarity
in estimations of the primary particle size for carbon black and diesel soot: their

(a) (b)
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Figure 5.1 Morphology of (a) aggregates of laboratory
kerosene flame soot and (b) particles of aircraft combustor
soot containing iron impurities.
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(a) (b)
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Figure 5.2 Primary particles of (a) amorphous nanostruc-
ture of laboratory kerosene flame soot and (b) onion-like
nanostructure of aircraft combustor soot.

diameter, D, ranges from approximately 20 to 100 nm. The small size of soot
primary particles determines the high specific surface area of soots, ≤ 100 m2 g−1,
related to the developed mesoporosity (inter-particle spaces).

Most of the agglomerated particles emitted by diesel and spark-ignition engine
combustion are in the accumulation mode, 50 nm <D <1000 nm diameter range
[52]. The aircraft soot exhaust aerosol consists of a primary mode with a median
D ∼ 35 nm and agglomerated particle mode with a peak near 160 nm [18]. Aerosol
measurements carried out in diesel engines burning heavy fuel oil demonstrate
the bimodal particulate mass size distribution, with a main mode under 100 nm
and a second mode at 7–10 µm [41, 43], providing strong evidence for a specific
difference in morphology of carbonaceous particles in comparison with burning
light diesel fuel or kerosene. This is the presence of large char particles originating
from unburned fuel droplets by subsequent pyrolysis, oxidation, and carbonization.
Char particles typically have a spherical morphology and are observed in aerosols
emitted by marine ships [43, 53]. The transmission electron microscope (TEM)
image of a char particle present in ship residues is shown together with soot
particles in Figure 5.3a [54].

In terms of microstructure, there is a high similarity between transport
exhaust soots, commercial carbon blacks, and laboratory-made soots. They con-
sist of an EC matrix (nanocrystalline domains) and adsorbed or internally
mixed materials, which represent organic carbon (OC) and inorganic com-
pounds (amorphous domains). Numerous work has proved the presence of
graphite microcrystallites inside soot particles, which consist of graphite planes
rotated along axes perpendicular to the graphite planes [32, 50, 55]. Raman
data indicate the highly disordered graphitic structure in almost all types of
soots [56].
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Figure 5.3 (a) Char and soot particles and (b) primary soot
particles polluted by transition metals of marine heavy fuel
oil combustion residuals.

Three distinct forms of EC may be observed at the microscopic level: amorphous,
fullerenic, and graphitic types. For combustion-generated particles produced by
diffusion flames, amorphous microstructure without any nanostructure is typical
[51, 57], as shown in Figure 5.2a by the TEM image of kerosene flame soot produced
in a common wick lamp. Conditions for soot formation in diffusion flames are
much more favorable than in premixed flames where fuel and oxygen are intimately
mixed prior to reaction.

The microcrystallites in soot particles can be aligned in different shapes, forming
fullerenic turbostratic (onion-like) structure. This consists of a continuous network
of concentric, size-limited graphene layers composed of several parallel planes
of carbon atoms arranged in hexagonal arrays. The graphene layer planes show
a wavy shape. This indicates that the atomic configuration of layer planes is
far more random than that of graphite, involving numerous lattice defects and
pores. A detailed analysis by electron microscopy reveals that the primary soot
particles consist of two distinct parts: inner core and outer shell [57]. The inner
core may be about 10 nm in diameter and contain several fine nuclei of 3–4 nm
diameter, providing evidence of differently scaled agglomeration processes. Such
fullerene-type carbon structures are typically observed in premixed flames and in
diesel exhaust [50, 55].

The configuration of the combustor of an aircraft engine is defined by turbulent
diffusion combustion processes, having the features of both diffusion and premixed
flames. This is why the various microstructures can be found in engine combustor
soot particles. Figure 5.2b shows the typical onion-like structure of primary particles
of AEC soot [51]. Well-graphitized structures (nanotubes and flakes) may be caused
by high-temperature graphitization of the soot particles inside the combustor, but
they appear more rarely [32]. Moreover, the formation of highly ordered carbon
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nanostructures such as onions and tubes appears to require much longer residence
times, perhaps seconds or minutes, in the flame environment.

The chemical composition of soot particles depends upon the type of engine, the
combustion conditions, and fuel formulation. While carbon, hydrogen, and oxygen
compose any combustion particles, sulfur and transition metals may accumulate
on the surface and inside soot particles due to contamination in the fuel and engine.
Heavy-duty diesel engine-emitted particles contain sulphuric acid or sulfate fraction
roughly proportional to the fuel sulfur content, fuel additive ash, and heavy-metal
compounds originating from the lubricating oil [52]. The iron oxides observed in
aircraft-engine-emitted particles are due to corrosion processes in the combustor
system [19, 38]. Figure 5.1b shows soot particles containing iron impurities [51],
thus composing the fraction of impurities of AEC soot.

Soot particles in ship residuals produced by burning low-grade heavy fuel
exhibit a similar morphology to any other soot particles, but the comparison of
microstructure clearly indicates the presence of a dark core inside the particles
(see Figure 5.3b). Elemental analysis confirms the large contamination of these
particles by transition metals and alkaline earth metals (V, Ni, Ca, Fe, Na, Al, Si,
and P). Diffraction analysis proves the presence of various chemical forms, such as
Ni3S2, Na6(CO3)(SO4), Ni2Fe, Ni3Fe, NiO, V2O3, and NiS, probably forming cores
inside particles [43, 54]. Hazardous constituents and their soluble or insoluble
chemical forms (sulfides, sulfates, oxides, and carbides) are released by large
ship- and land-based diesel engines into the atmosphere, together with emitted
particles [41, 58].

The plant-derived residuals include straw and wood charcoal, vegetation and wood
fire residuals, and chimney residuals. They exhibit various forms, including large
spherical char and layered structures with hard edge boundaries, and liquid-like
agglutinated structures with no well-defined boundaries [41]. Therefore, they have
low specific surface area, typically ≤20 m2 g−1. Aciniform carbon is a quite random
fraction in biomass burning products, in respect of low EC content.

Discrepancies between the amount and the composition of condensed
compounds on the surface of combustion-generated particles arise from their
post-formation and sampling conditions as the exhaust is diluted and cooled, then
nucleation and condensation transform volatile materials to solid matter [48]. The
soluble organic fraction (SOF) is varied from ≤2% for carbon blacks to >13% for
diesel and chimney residuals [40]. The ratio of polar/non-polar SOF is generally
<7% for fossil BC but >30% for plant-derived BC. The systems developed recently
for the characterization of diesel particles – like for measurement of particle
emission, number concentration, size distribution, EC and OC analysis – are
described in Burtscher’s review [48] and Gelencser [59].

5.2.2
Key Properties Responsible for Interaction with Water

Incorporation of soot-containing particles into cloud droplets depends on the
critical water vapor supersaturation, at which a particle of given diameter activates
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and forms a cloud droplet [60]. BC is usually treated as an inert substance that
contributes to the particle volume. In the absence of aqueous solution coverage,
the classical nucleation theory is used to describe cloud droplet nucleation for
insoluble particles. The theory considers the energy of formation of a critical cluster
on a particle surface with wettability characterized by the contact angle of water
with the surface [60]. Literature on the wettability of carbonaceous substances
yields a consistent picture of hydrophobicity (see [61] and references therein). The
measured water/ice contact angles on the soot surfaces vary in the range 40◦ –80◦.
Non-zero water droplet contact angle is traditionally associated with poor ability to
take up water and low rate of heterogeneous nucleation. This is why there was a
widespread assumption that, for instance, fresh aircraft-emitted soot particles are
hydrophobic and should be a poor substrate for nucleating water embryos until they
have undergone chemical activation through the accumulation of soluble species
such as sulfuric acid [21, 62].

However, a water contact angle is a macroscopic measure of wettability. Mea-
surements of water uptake from the vapor phase in a wide range of relative
humidities may provide much more comprehensive information on the mecha-
nism of water molecule interaction with the surface [63], allowing the classification
of soot from hydrophobic to hydrophilic. Moreover, the critical supersaturation,
Sc, is influenced by soot particle surface properties, microstructure, and the pres-
ence of water-soluble compounds on the surface. Classical Köhler theory calculates
the activation barrier based on the saturation vapor pressure depression due to
the dissolved solute [60]. It follows from the Köhler theory that the fraction of
water-soluble compounds, ε, of the particle coverage may decrease Sc; therefore, ε

may be proposed as a measure of soot hygroscopicity. But it should also be taken
into account that water-insoluble particles are also assumed to serve as CCN in
respect of the Kelvin activation if they are wettable. This is the case for ε → 0. If
soot particles are insoluble but wettable, what surface characteristics do they have?
The answer to this question should be found by analyzing the water interaction
mechanism at the microscopic level.

Water adsorption is proposed to be observed on soot particles due to interaction
with active sites (surface functionalities) [64–66]. Moreover, water may condense
on partly wettable particles even below saturation conditions due to capillary con-
densation into mesopores. For agglomerated soot particles, the classical nucleation
theory is extended to account for mesopores, the spaces between the primary
particles [67]. Irregular soot agglomerated structure is suggested to amplify ice
nucleation due to condensation into soot inter-particle cavities and an inverse
Kelvin effect [61]. Since soot aerosols typically consist of agglomerated chains of
roughly spherical primary particles, restructuring may be observed during water
condensation–evaporation cycles [46, 68].

Experimental characterization of original soot generated by burning sulfur-free
hydrocarbon fuel in a typical gas turbine engine combustor and by rich and lean
flames has shown that, due to the microporous structure and oxygen-containing
surface functional groups, these soots may take up significantly more water than
a reference graphite material [69, 70]. Such soot aerosols can acquire a substantial
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fraction of a water monolayers (MLs) even in the conditions of the young plume
[71]. As a result, a sulfur-independent heterogeneous nucleation mode driven by
the presence of water on such soot particle types was suggested.

A number of techniques useful for the analysis of the structure and chem-
ical properties of soot have been applied. Measurements of surface area and
texture parameters are made using N2 adsorption, while net water uptake is
assessed using H2O adsorption [65, 71]. The combination of these methods
provides information about the detailed mechanism of water–soot interaction at
RH ≤ 100%, and clarification of the role of surface chemistry and micro- and
mesoporosity. Additional information for understanding the behavior of atmo-
spheric soot particles is obtained by analyzing the changes in size of free-flowing
particles versus RH using a humidified tandem differential mobility analyzer
(HTDMA) [36, 66, 68]. Such data also have direct relevance to warm cloud
formation processes.

The most complex problem of CCN and IN activation of BC aerosols is deter-
mining the surface requirements for water/ice nucleation at the microscopic level.
Observations from recent experiments concurrently utilizing the methodology and
water uptake measurements described above allow the quantitative examination
of the role of key properties of soot particles in the observed water interactions,
such as water-soluble fraction, hydrophilic organic or inorganic surface com-
pounds, surface-active functionalities, and porosity. Broad chemical features may
be inferred from elemental analysis, analysis of impurities, polar and non-polar
organic matter, ionic content, and volatile surface organic compounds. Chemi-
cal functionalities observed on the particle surface support the identification of
hydrophobic and hydrophilic soot. These features are characterized by the method-
ology elaborated using TEM, Fourier-transform infrared (FTIR) spectroscopy,
gas chromatography–mass spectrometry (GCMS), and ion chromatography to
determine the composition features responsible for their interaction with water.

It is expected that soot aerosols may be incorporated into cloud droplets by the
presence of water-soluble compounds. However, the content of OC and SOF is
known to vary with engine operating conditions, and can represent 5–90% of
the whole mass of particulate matter [52]. A comprehensive evaluation of organic
coverage composition in urban areas and in diesel exhaust [72, 73] identified
the presence of different classes of polar compounds (aromatic, alkanoic and
alkanedioic acids, and phenols) as well as non-polar PAHs, alkanes, and alkenes.
Published data provide evidence that polar organic compounds take up water (see
[74] and references therein) and thus increase the cloud and fog formation ability
of insoluble soot cores. Non-polar organic compounds do not generally take up
water and also may form films that lower the accommodation coefficient of water
on the particles, thereby inhibiting absorption of water on the surface.

The literature on the heterogeneous ice-forming ability of insoluble particles
yields a number of requirements relating to size, microstructure, insolubility,
chemical bonding, and surface-active sites [60]. Sites that are capable of adsorbing
water molecules are also sites at which ice nucleation is likely to be initiated,
while the number of critical embryos per unit area of the substrate is proportional
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to the number of water molecules adsorbed per unit area. Current studies seek
direct evidence for CCN activity at environmentally relevant water supersaturation,
and for ice-nucleation behavior at contrail and cirrus formation conditions, using
a set of carefully selected soots, of varying physical and chemical characteristics
[75]. Special attention is paid to a systematic comparative analysis of water uptake
on combustion nanoparticles from transport systems and on the identification of
water–soot interaction mechanisms in relation to the exhaust residual composition.

5.3
Water Uptake by Black Carbons

Long-term recommended research needs currently include the requirement for
the development of new concepts with respect to soot impacts on CCN and ice
cloud formation. The first actual need is the quantification of water uptake by BC
aerosols, since the present atmospheric studies will remain relatively empirical until
a quantification measure of the extent of BC hydrophilicity is defined. In adsorption
science, the high fraction of the surface area covered by adsorbed water is proposed
as a criterion for hydrophilicity. A hypothetical statistical water monolayer is
assumed as a reference for the characterization of the level of surface polarity. A
water film may originate due to cluster formation around active sites, which may
eventually become connected if the number of active sites is relatively high. The
formation of a water film on the soot surface releases the wetting phenomena at the
microscopic level – that may represent a feature of hydrophilic soot. Additionally, it
may serve as the necessary condition for the Kelvin activation of a soot particle. To
quantify the conditions for water film formation, a comprehensive analysis of water
uptake on soot particles with various surface chemical and structural properties is
needed.

This section is devoted to a systematic comparative analysis of water uptake on
laboratory soots proposed for atmospheric studies and on original transport-emitted
residuals with the purpose of identifying water–black carbon interaction mecha-
nisms in relation to particle composition [54, 75, 76]. The purpose is to describe a
quantification measure for the separation between hygroscopic and non-hygroscopic
BCs and for the identification of hydrophilic and hydrophobic particles within
non-hygroscopic atmospheric aerosols. A few classical water adsorption models are
applied for parameterization and quantitative comparison.

5.3.1
Fundamentals of Water Interaction with Black Carbons

The adsorption behavior of a solid is generally characterized by a plot of the amount
of gas adsorbed as a function of gas pressure at constant temperature (adsorption
isotherm). In the simplest Langmuir model the adsorbed film is assumed to be
just one monolayer, owing to the very short range of the intermolecular forces
and negligible interaction between the adsorbate molecules [63]. The assumption
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that all adsorption sites on the surface are equivalent to each other leads to a
famous Langmuir isotherm for the amount of vapor adsorbed a as a function of the
pressure p:

a = amKp

(1 + Kp)
(5.1)

where am is the monolayer coverage, and K is a constant for a given temperature
and adsorbing material. The Brunauer–Emmett–Teller (BET) theory extends the
Langmuir model to include multilayer adsorption and assumes that: (i) each
molecule adsorbed in a particular layer is a possible site for adsorption of a
molecule in the next layer; (ii) no horizontal interactions exist between adsorbed
molecules; (iii) the heat of adsorption is the same for all molecules in any given
adsorbed layer; and (iv) the heat of adsorption is equal to the latent heat of
vaporization for all adsorbed layers except the first one. The BET equation is written
as

a = amCp/ps

(1 − p/ps)(1 + p/ps(C − 1))
(5.2)

where ps is the saturation vapor pressure for the vapor being adsorbed, and C is
a constant for the adsorbent–adsorbate interaction. The BET equation (5.2) is very
widely used for surface area estimations by determining am. However, usually it
treats adsorption data in the range of p/ps from 0.05 to 0.35 and at C > 10.

The lattice theory of Ono and Kondo was used by Aranovich [77] to improve the
BET theory, since it allows the vertical adsorbate–adsorbate interactions to be taken
into account. The two-parameter Aranovich equation

a = amCp/ps

(1 + Cp/ps)(1 − p/ps)0.5
(5.3)

provides qualitatively correct results in the limiting cases and successfully simulates
multilayer adsorption on various solids [78], extending the range of application of
the equation up to p/ps ∼ 0.7 − 0.8.

The classical model of BCs proposes that they are composed of misaligned
graphite platelets that form a nanoporous network in which oxygenated functional
groups are contained [45]. The peculiar nature of water adsorption on BCs is
related to the relatively low dispersion energy between water molecules and
graphite platelets. According to the fundamental mechanism [63, 79], initial water
adsorption takes place on oxygen-containing groups, which may act as primary
adsorption sites. At low relative pressures, the amount of water adsorbed is
determined by the total density of primary adsorption sites (Henry’s law); this
amount gives the value of am in Eqs. (5.1)–(5.3). At higher relative pressures,
hydrogen bonding between free and adsorbed water occurs, the primary adsorbed
water molecules act as nucleation sites for further adsorption of water, and the
formation of three-dimensional clusters begins [80, 81]. Both the density and the
geometrical arrangement of the active sites have a pronounced effect on the value
of pc/ps (pc indicates p relating to cooperative effect) at which water clusters form
bridges (fluid–fluid cooperative effect), producing a film of bonded water molecules
extending over the surface.
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A secondary water adsorption mechanism realizing as the fluid–fluid cooperative
effect is unique for the water–carbon system, so it is not considered by the BET
theory. The theory of cooperative multi-molecular sorption (CMMS) (see [82] and
references therein) has been elaborated to account for the influence of the adsorbed
molecule promoting the entry of other molecules to adjacent sites. The CMMS
theory is employed to account for the type II, III, V, and hybrid isotherms (in the
BET classification scheme) for water–carbon systems.

The model of ‘‘long-winded’’ fluid formation has been proposed by Berezin et al.
[83] to describe the water cluster confluence and liquid water phase origin on
carbonaceous adsorbents. It is based on a thermodynamic analysis of multilayer
water adsorption, which shows the existence of a fluid film long-winded by the
surface forces [84]. The Halsey–Hill equation for the long-winded fluid film was
used to obtain the isotherm equation, taking into account its correction on the
curvature of particles [84]:

ln(ps/p) = b/θ3 − W/RT (5.4)

Here θ is the adsorption coverage (in monolayers) calculated assuming one
statistical monolayer of water estimated from the effective molecular cross-sectional
area for the water molecule of 0.105 nm2, W is the binding energy of the surface
film, and b is a constant defined as b = 2.5Vσ/RTd, where V and σ are the mole
volume and surface tension, respectively, R is the gas constant, and d is a diameter
of the adsorbate molecule. Assuming the Kelvin equation for the convex surface,
W can be written as

W = 2
Vσ

r
(5.5)

where r is the radius of curvature of the particle. Finally, for a water film extended
over a convex surface, we have the isotherm equation

ln(ps/p) = 4.34/θ3 − 1.08/r(nm) (5.6)

which may be used to estimate p/ps when there are bridges between water clusters
producing a large film extended over the surface of a soot particle with radius r.

If the soot coverage thickness exceeds a few monolayers and the coverage material
consists (even partially) of water-soluble materials (ε > 0), water uptake should be
treated in terms of bulk dissolution, while adsorption should be assumed for
interaction with the surface-active sites and with sites inside the water-soluble
coverage material (volume sites). The general model of ‘‘dual sorption’’ should
be useful in that case [85], where both the absorption and permeation processes
of a vapor in a soluble material are taken into account. Then, the concentration
of water molecules in the soot coverage a is the sum of dissolved molecules and
the molecules absorbed on active sites, determined by Henry’s law and from the
Langmuir isotherm, similar to Eq. (5.1):

a = Kdp + avKp

(1 + Kp)
(5.7)

where Kd is the dissolution coefficient, and av is the equilibrium concentration of
vapor determined by volume adsorption sites (sorption capacity).
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Micropores between the graphite platelets inside a soot particle and mesopores
in the inter-particle cavities of soot agglomerates create the soot porous structure,
which may impact upon water uptake in accordance with the pore size and volume.
It is found that soot micropores may impact initial water uptake. Even if a single
water molecule does not have sufficient dispersive force to adsorb inside the
micropore, a cluster of a few water molecules produces sufficient forces to stay
within the micropore [82]. Micropore filling by water may lead to swelling of the
soot particles [66].

Finally, because of the complicated chemistry and various microstructures of
the original combustion particles, there is no universal model of water–soot
interaction. But the fundamentals of classical models may help us to perform a
quantitative comparison analysis and to distinguish the different mechanisms of
water interaction with soot.

5.3.2
Concept of Quantification

Identification of water uptake mechanisms and comparative analysis of isotherms
for soots of various composition, from pure EC to complex composites with large
water-soluble coverage, allow us to quantify water uptake. Figure 5.4 presents a
schematic isotherm plot to demonstrate the concept of quantification. For clear
atmospheric applications, the dependence on RH = (p/ps) × 100% is presented.
The isotherms of the surface water film (Eq. (5.4)) are plotted for radius of soot
primary particles of 5 and 125 nm (low and high boundaries of marked area,
respectively). They are suggested as a quantification measure, which separates
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surface is indicated, with low and high boundaries for 5 nm
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hygroscopic from non-hygroscopic soot. If the soot water-soluble fraction is quite
large, we may assume hygroscopic soot, the isotherm of which is higher than that
for the surface water film on a particle of corresponding size. If the soot particles
are made mostly from EC and/or the organic coverage has low water solubility, we
may propose non-hygroscopic soot, the isotherm of which is less than or maybe just
approaching the isotherm for the surface water film.

The number density of active sites on the surface may be a parameter for
definition of hydrophilic and hydrophobic soots within non-hygroscopic ones. A
high value of am on the surface of hydrophilic soot leads to water cluster confluence
and the formation of a water film extended over the total soot surface. Therefore,
the water adsorption isotherm for hydrophilic soot should approach the isotherm
(Eq. (5.4)) for the surface water film (see Figure 5.4). To conclude about the
hydrophilicity of primary soot particles, the surface water film should be formed
at RH < 80%, as typically the capillary condensation of water in inter-particle
cavities and polymolecular adsorption happens at RH > 80% [63]. But the isotherm
of hydrophobic soot never approaches the isotherm for the surface water film due
to the low value of am (see Figure 5.4); hydrophobic soot particles may be only
partly covered by water molecules.

5.3.3
Laboratory Approach for Water Uptake Measurements

Because of the difficulties with in situ measurements of the water interaction
with airborne soot particles, the laboratory approach is widely utilized. Various
laboratory-produced soot surrogates have been introduced for atmospheric studies.
Commercially available soots, namely FW1 [24] and lamp soot [23], have been used
for CCN and IN studies. Palas soot generated by spark discharge between graphite
electrodes has recently become popular among researchers because of the high
reproducibility of the Palas GFG 1000 generator [25, 26, 87]. Combustion particles
produced by burning various fuels in different burners are proposed for hydration
and wetting studies [61, 64, 65, 70, 88]. Especially, CAST soot produced by the
Combustion Aerosol STandard burner has currently become a subject of intensive
studies [27], as the CAST generator allows the production of soot under controlled
combustion conditions. But it is obvious that one of the best soot surrogates for
upper troposphere research is soot produced by the combustor of a typical gas
turbine engine operating at cruise conditions [32, 36, 38].

To perform the quantitative comparison analysis of water uptake and demonstrate
the concept of quantification, a set of soots with a large variety of compositions and
structural properties is proposed in this study. It includes spark discharge Palas
soot analyzed previously in Kuznetsov et al. [87], commercial thermal soot produced
by pyrolysis of natural gas (Electrougly Ltd, Russia) presented in Popovicheva
et al. [66], and laboratory-made TC1 kerosene soot produced by burning the TC1
aviation kerosene in the usual type of oil lamp described in Popovicheva et al.
[66]. To examine the hydrophilic properties of CAST soot, two samples were
generated by burning propane at controlled flows of propane and synthetic air,
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namely at C/O ratio 0.29 and 0.4 as described in Möhler et al. [27]. We will
term them CAST-4 and CAST-27, respectively, correlating with the OC content
found in these samples (which will be defined below). To have the best surrogate
for atmospheric applications, original AEC soot produced under typical cruise
combustion conditions at the background facilities [54] is included in the set of
soots. Additionally, combustor soot produced by burning propane or butane fuel
in a gas turbine engine combustor [32] is taken to be available for comparison.

The mean diameter of primary particles, specific surface area, elemental com-
position, water-soluble fraction (WSF) by mass, and OC content is presented in
Table 5.1. The oxygen content as well as the WSF is assumed to correlate with the
water adsorption ability of carbonaceous adsorbents. With the purpose to identify
the functional groups responsible for the presence of active sites on the soot
surface, infrared spectra were recorded using FTIR spectroscopy. A large variety of
−CH and −CH2 groups in aromatics and aliphatics as well as oxygen-containing
functional groups such as −C = O carbonyl, carboxyl, and −OH hydroxyl were
found; they may create hydrogen bonds of different strength, impacting soot hy-
groscopicity. Additionally, the peaks of HSO4

− ions and organic sulfates were
found in the spectra of AEC soot, which indicates the presence of really hydrophilic
compounds on the surface of this soot [38].

The FTIR spectra of CAST soots for 4% and 27% OC content are plotted in
Figure 5.5. Different functional groups such as polyaromatic at 836 and 880 cm−1,
carbonyl at 1400 cm−1, carboxyl at 1485, 1604, and 1629 cm−1, and hydroxyl at 3201
and 3402 cm−1 are observed for CAST soot containing a large amount of organics,

Table 5.1 Physico-chemical characteristics of soots.

Soot type Mean
diameter (nm)

Surface
area (m2

g−1)

Composition
(wt%)

WSF (wt%) OC content
(%)

Palas 6.6 308 C 100 0 ∼0c

Thermal 246 10 O 0.4 0.5 0.6c

TC1 flame kerosene 57 49 C 95 0.9 2.1 ± 1.4d

O 5 4c

CAST-4 300 46 nda nd 4 ± 4d

CAST-27 32; 90;140 21 nd nd 27 ± 7d

Aircraft EC (AEC) 30–50b 6 C 13.5 20 ± 1.5d

O, S, Fe, K 17c

Combustor 30–50 54 C 95 2.0 nd
O 5

aNot determined.
bTwo fractions are found in AEC soot; for details see Demirdjian et al. [51].
cDetermined by volatility method [54].
dDetermined by thermographic method [54].
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Figure 5.5 FTIR spectra of CAST soots with 4% and 27%
of organic carbon. The peaks of intensive absorption bands
corresponding to surface functional groups are indicated.

and only the carbonyl group at 1489 cm−1 is prominent on surfaces having low
organic coverage.

5.3.4
Quantification of Water Uptake

5.3.4.1 Hydrophobic Soot
Water uptake by soot, a, as a function of RH is measured in millimoles per gram
of soot by a gravimetric method. To build the absolute adsorption isotherm for
comparative analysis, we recalculate the a value into the amount of statistical
monolayers assuming the measured specific surface area, S (m2 g−1), for a given
soot. One monolayer is estimated as 1 ML ≈ a × 60/S, assuming the cross-sectional
area of a water molecule to be 0.105 nm2.

Spark discharge Palas soot is found to consist of totally elemental carbon with a
negligible amount of water-soluble material on the surface but still having some
functional groups responsible for the interaction with water. The absolute isotherm
of water adsorption on Palas soot is presented in Figure 5.6. The isotherm for Palas
soot is always lower than the lower boundary of the marked area for the existence of
the water surface film for particles of radius 5 nm marked in Figure 5.6. Therefore,
we conclude that the initial water adsorption on the active sites of Palas soot may
probably stimulate water cluster growth but cannot lead to the cluster confluence
and the formation of a water film extended over the total soot surface. This is a
feature of hydrophobic soot in respect of the concept of quantification.

For the quantitative description of the water–soot interaction mechanism as
well as for parameterization of water uptake, the application of classical adsorption
equations to experimental data is fruitful. For these purposes the BET equation
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Figure 5.6 Isotherms of water adsorption on hydropho-
bic Palas and thermal soots, and on hydrophilic combustor
soot. The region of existence for a water film on the surface
is indicated, similar to Figure 5.4.

(5.2) and the Aranovich equation (5.3) are frequently used in their linear forms:

YBET = p/ps

a(1 − p/ps)
= 1

amC
+ C − 1

amC

p

ps
(5.8)

YAR = p/ps

a(1 − p/ps)0.5
= 1

amC
+ p/ps

am
(5.9)

The parameters am and C found from the linear fits with the highest correlation
R2 as well as the ranges for good application of the BET and Aranovich theories
are summarized in Table 5.2. The range for application of the BET equation is
found to be up to 0.5, which is even higher than the range generally accepted for
the BET theory (up to 0.35). The estimation of the amount of water molecules
in a monolayer, am, allows the calculation of the surface area covered by water,
SH2O, presented in Table 5.2. As one can see, both theories give values of SH2O

less than the surface area measured by N2 adsorption – this is a typical feature of
hydrophobic soot.

Comparison of the experimental data for water uptake on Palas soot and the
isotherms obtained from various equations with parameters am and C presented in
Table 5.2 leads to the conclusion that, within experimental accuracy, the Aranovich
equation gives a better representation of the experimental data over the entire p/ps

range than the BET equation, in accordance with the more developed consideration
of adsorbate–adsorbate interactions in the Aranovich theory. Probably the vertical
interactions taken into account in the Aranovich theory may address water cluster
formation more comprehensively.
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Table 5.2 Parameters for fitting of experimental data by the
BET and Aranovich (AR) equations.

Palas soot Thermal soot Combustor soot TC1 soot AEC soot

Parameter BET AR BET AR BET AR BET AR BET AR
R2 0.981 0.931 0.995 0.996 0.985 0.989 0.995 0.985 0.997 0.994
am (mmol
g−1)

1.08 2.77 0.06 0.08 0.81 1.42 1.44 1.59 2.02 2.46

C 4.84 1.58 62.1 25.8 65.7 7.9 104 49.8 49.14 31.2
Range of
application,
up to

0.7 0.5 0.5 0.7 0.6 0.76 0.4 0.7 0.4 0.5

SH2O (m2

g−1)
65 167 3.6 4.6 49 86 86.5 96 122 148

Additionally, the Langmuir isotherm was calculated from Eq. (5.1) using a similar
linearization procedure as described above for the BET and Aranovich isotherms.
It is found that the Langmuir equation does not describe water adsorption on
Palas soot at p/ps higher than 0.1. Therefore, there is no justification for using the
Langmuir theory for the description of the water–soot interaction. This is why the
attempt of Kärcher et al. [21] to apply the Langmuir equation for water uptake on
hydrophobic aircraft-generated soot failed.

Gas pyrolysis thermal soot is characterized by the low oxygen content and WSF
(see Table 5.1). Functional groups are found on its surface but, because of either
their small amount or low strength, low water adsorption on thermal soot is
observed, similar to Palas soot up to RH ≈ 80% (see Figure 5.6). The increase in
adsorption observed at higher RH may take place due to polymolecular adsorption
in the mesopores. The water film is never extended over the hydrophobic thermal
soot surface because the isotherm does not approach the surface water film
isotherm for particles of 250 nm diameter (the higher boundary of the marked area
in Figure 5.6). The parameters am and C found from a linear fit of the experimental
data by the BET equation (5.8) and Aranovich equation (5.9) are presented in
Table 5.2.

5.3.4.2 Hydrophilic Soot
The oxygen content and water-soluble fraction are found to be higher for combustor
soot produced by burning gaseous fuel in the combustor of a gas turbine engine
in comparison with those for the hydrophobic soots (see Table 5.1). Accordingly,
the isotherm of combustor soot may be perfectly treated in respect of the con-
cept of quantification as a characteristic of hydrophilic soot (see Figure 5.6). It
starts increasing at very low RH due to a significantly higher amount of active
sites on its surface than on the surface of Palas or thermal soots. Water clus-
ter confluence may be predicted at RH ≥ 60% where the isotherm approaches
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Figure 5.7 Adsorption isotherms of combustor soot: exper-
imental data and fitting curves obtained from the BET and
Aranovich equations.

water film formation for particles with 15–25 nm diameter (size for combustor
soot particles). However, owing to the relatively small amount of water-soluble
surface compounds and, therefore, relatively low water uptake, even in the bet-
ter case of the formation of a water film on the surface, all Palas, thermal,
and combustor soots belong to a class of non-hygroscopic soots, as marked in
Figure 5.4.

Figure 5.7 shows the experimental data for water uptake on combustor soot and
the fitting isotherms obtained from the BET and Aranovich equations. Equation
(5.8) gives a good representation of the data only up to 0.6, while it appears that the
Aranovich model is even valid in the range of p/ps greater than 0.7. This finding
proves that the secondary water adsorption mechanism on soot realized as the
fluid–fluid cooperative effect can hardly be considered by the BET theory.

Further, the formal quantification may be done for water uptake on TC1
kerosene flame soot. It should be classified as really hydrophilic, or even slightly
hygroscopic, soot with respect to the concept since its isotherm lies higher than the
upper boundary of the marked area in Figure 5.8. However, there is one suspicious
fact, in that the WSF of TC1 soot is noticeably less than the WSF of combustor
soot (see Table 5.1). Probably, there is another mechanism impacting water uptake
that is different from water solubility of the soot coverage. In the case of TC1 soot,
it is the high (in comparison with other soots) microporosity, which, as proved
in Popovicheva et al. [54], may increase the water adsorption. Formal treatment of
experimental data by the BET and Aranovich equations demonstrates the better
applicability of the latter equation and only a restricted range (up to p/ps ∼ 0.3) for
the former. Therefore, we conclude that, for soot with higher hydrophilicity, the
BET theory is less applicable.

Special attention should be paid to water uptake of CAST soot since it can
be produced in the laboratory study with various and controlled amounts of
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Figure 5.8 Isotherms of water adsorption of TC1 kerosene
soot, and on CAST-4 and CAST-27 soots.

organics on the surface. Möhler et al. [27] concluded that the increase in the OC
content of soot markedly suppresses the ice-nucleation ability of particles. This
result led Kärcher et al. [35] to conclude that the increase in the OC content
makes the flame soot particles more hydrophobic. Measurements of water uptake
prove the increase of water adsorption with the increase in the organic content (see
Figure 5.8). FTIR spectra (see Figure 5.5) clearly indicate more pronounced features
of oxygen-containing groups on the surface with 27% of organics in correlation
with the isotherm for CAST-27 soot being higher than the isotherm for CAST-4
soot.

The isotherm for CAST-4 soot with a mean particle diameter of 300 nm does
not approach the higher boundary of the area for the existence of a water film
indicated in Figure 5.8. Therefore, we should classify CAST-4 as hydrophobic soot.
In contrast, a significant increase in water adsorption for CAST-27 soot is observed
at RH ≤ 20% (see Figure 5.8); this happens even before the threshold for water
film formation. In this case we are definitely sure about the hydrophilic nature of
the CAST-27 soot surface and maybe we should consider the hygroscopic character
of water uptake in respect of the concept of quantification.

But in the range of initial RH (less than 10%) the isotherms of both CAST soots
exhibit negligible uptake, even lower than on hydrophobic Palas and thermal soots.
Such behavior is related to the presence of hydrophobic organics on the surface
of CAST soots, which are to be replaced by water molecules before the following
significant adsorption begins. It is worth noting that TC1 kerosene flame soot
has less OC on the surface than CAST soots, only near 2 wt% (see Table 5.1).
This demonstrates the significant uptake already at the initial RH, around 5%,
and similar adsorption on CAST-27 soot in the RH range from 30 to 80% (see
Figure 5.8), probably due to the similar oxidation level of condensable organic
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compounds on its surface. Such a complex mechanism of water uptake on CAST
soots with large organic coverage is beyond the range of applicability of the BET
and Aranovich equations; therefore, these equations describe experimental data
poorly for values of p/ps ≥ 0.2.

5.3.4.3 Hygroscopic Soot
Finally, AEC soot produced by burning TC1 kerosene in the combustor of a gas
turbine engine has a really high OC content, ≈ 20 wt%, as well as high water-soluble
fraction, ≈ 13.5 wt%, including 3.5 wt% of sulfates. The water uptake by AEC soot
is presented in Figure 5.9. Significant increase up to 10 monolayers does not leave
any doubt about the dominant mechanism of water uptake being the dissolution
of water into the soluble soot coverage and the formation of a thick solution film
surrounding the soot particles.

The role of sulfates in hygroscopicity may be dominant. Thus, AEC soot is the
best candidate for being the original hygroscopic soot with respect to the concept
of quantification.

The dual sorption theory is proposed above for modeling water uptake on
hygroscopic soot. The isotherm obtained using Eq. (5.7) by least-squares fitting has
the following parameters: av = 2.1 mmol g−1, K = 15 Torr−1, and Kd = 0.15 mmol
g−1 Torr; it treats measurements well up to 70% RH. The formal application of
the BET and Aranovich equations (see Table 5.2) gives very high values of surface
areas covered by water, tens of times more than the surface area measured by N2

adsorption. This finding confirms the absorption mechanism of water uptake on
hygroscopic AEC soot, while these classic theories are preferentially applied for
adsorption on non-hygroscopic (hydrophobic or hydrophilic) soots.
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Figure 5.9 Isotherm of water absorption on hygroscopic
aircraft engine combustor AEC soot.
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5.4
Conclusions

Soot is a complex material composed of elemental carbon covered by organic and/or
inorganic compounds. In the general case, two mechanisms of water interaction,
namely, bulk dissolution into the water-soluble coverage (absorption mechanism)
and water molecule adsorption on active sites (adsorption mechanism), govern
the water–soot interaction. Comparative analysis of water uptake on soots of
various compositions, from ECs to complex composites with large water-soluble
fractions, allows us to suggest a concept of quantification. The isotherm for a water
film extended over the surface is proposed as a quantification measure, which
separates hygroscopic from non-hygroscopic soot. Water uptake on hygroscopic
soot significantly exceeds the surface water film formation and may reach tens
of water monolayers. If soot particles made mostly from EC and/or the organic
coverage are totally water-insoluble, we assume non-hygroscopic soot with water
uptake less than (hydrophobic soot) or approaching (hydrophilic soot) the surface
water film formation.

Water uptake measurements accompanied by comprehensive soot characteriza-
tion have shown that AEC soot is representative of hygroscopic soots due to its
high water-soluble fraction leading to a multilayer water uptake. Spark discharge
Palas soot is a hydrophobic BC because of its chemically pure surface, which
supports only low water adsorption due to few active sites. Laboratory-produced
TC1 kerosene flame and CAST burner soots may be classified as hydrophilic within
non-hygroscopic soots because of the presence of some water-soluble compounds
and functionalities on their surface leading to cluster formation and confluence
into the water film extended over the surface.

Classical models of water adsorption may be applied for parameteriza-
tion of experimental data in some ranges of relative pressures. The more
adsorbate–adsorbate interactions are developed in the model, the better is its
application. But there is no single model that could be universally applied for water
uptake on soot of arbitrary extent of hydrophilicity.

The concept of quantification of water uptake by soot particles developed in this
study is useful for relating the isotherm data and the cloud condensation soot
activity (CCN data). It may allow one to define which combustion soot may be
activated with respect to the Kelvin barrier overcome. The formation of a water
film extended over the hydrophilic surface is assumed to be needed for wetting
that soot particle which becomes activated at water supersaturations in respect of
the Kelvin theory. Whether the condition is achieved may be concluded from the
adsorption data. In the case of hydrophobic soot, the low adsorption on just a
few active sites is not indicative of CCN activation; such a soot will require really
high supersaturations to become activated. Further measurements to prove this
conclusion are required.

We believe that the concept of quantification of water uptake will also be useful
for understanding ice nucleation on soot particles since water–soot interaction is
the first step before freezing in any atmospheric systems, whether in a cooling
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plume or the background atmosphere. The amount of water adsorbed on soot
particles and the fraction of frozen water may depend on temperature [38, 86]. But
if surface water remains unfrozen at low temperatures, the mechanism of water
uptake and water distribution over the surface may be concluded from the concept
of quantification.
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Dopelheuer, A., Feichter, J.,
Lohmann, U., and Baumgartner, D.
(2004) Simulating the global atmo-
spheric black carbon cycle: a revisit to
the contribution of aircraft emissions.
Atmos. Chem. Phys., 4, 2521–2541.

11. DeMott, P.J., Rogers, D.C., and
Kreidenweis, S.M. (1997) The sus-
ceptibility of ice formation in upper
tropospheric clouds to insoluble aerosol
components. J. Geophys. Res., 102,
19575–19584.

12. Chen, Y., Kreidenweis, S.M., McInnes,
L.M., Rogers, D.C., and DeMott, P.J.
(1998) Single particle analysis of ice
nucleating aerosols in the upper tropo-
sphere and lower stratosphere. Geophys.
Res. Lett., 25, 1391–1394.



154 5 Combustion-Derived Carbonaceous Aerosols (Soot) in the Atmosphere

13. Gierens, K. (2003) On the transition
between heterogeneous and homoge-
neous freezing. Atmos. Chem. Phys., 3,
437–446.

14. Penner, J.E., Chen, Y., Wang, M., and
Liu, X. (2008) Possible influence of an-
thropogenic aerosols on cirrus clouds
and anthropogenic forcing. Atmos.
Chem. Phys. Discuss., 8, 13903–13942.
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6
Radioactive Aerosols – Chernobyl Nuclear
Power Plant Case Study
Boris I. Ogorodnikov

6.1
Introduction

On the night of 26 April 1986, the greatest accident in nuclear-power engineering
took place at the fourth power-generating unit of the Chernobyl Nuclear Power
Plant (ChNPP). The active zone and the upper part of the reactor building
were completely destroyed as a result of the explosion. The safety barriers and
systems protecting the environment against the radionuclides produced in the
irradiated nuclear fuel (uranium dioxide) over the previous two years were also
destroyed.

The scientific literature contains many versions of the event: how the accident
developed and how the active zone was destroyed [1]. The amount of nuclear
fuel and its fission products released outside the power-generating unit have been
discussed. However, as for any explosion, the destroyed building constructions,
fragments of the reactor’s active zone, and finely dispersed uranium dioxide (the
‘‘hot’’ fuel particles) remain as silent witnesses to the accident. Condensed mi-
crometer and submicrometer aerosols were spread over the whole Northern
Hemisphere.

All the fuel assemblies (FAs) were destroyed, and most fuel element cans (FECs)
proved to be empty. Mechanical or thermal degradation of the cans resulted in the
formation of fuel dust. According to expert estimates, the total amount of uranium
dioxide in the form of fine dust in the upper parts of the fourth power-generating
unit make up about 30 tonnes [2].

To prevent further contamination of the region around the ChNPP and the
environment as a result of any migration of radionuclides, a shelter of concrete
and metal construction was built on top of the ruins of the reactor building; it
was brought into commission on 30 November 1986. This construction object was
named the ‘‘Shelter.’’ Observation of radioactive aerosols of Chernobyl genesis both
in the vicinity of the ChNPP and inside the destroyed unit itself remains a priority
for the provision of radiation safety and understanding of the processes going on
in the ‘‘Shelter,’’ including the evaluation of the state of the remaining nuclear fuel
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and the lava-like fuel-containing materials (LFCMs) formed from molten nuclear
fuel and construction materials.

To reduce the irradiation of building workers, all the works were performed by a
remote method, which did not allow the creation of a leakproof construction. There
were very many cracks in the upper part of the construction. Besides, operational
openings and hatches were made in the roof to insert gage heads into the central
hall above the reactor ‘‘ruins.’’ Finally, there is designed exhaust ventilation through
the high-rise pipe HRP-2. Thus, intensive air exchange with the environment takes
place in the ‘‘Shelter,’’ and external meteorological conditions influence the state
of the air (the air temperature, humidity, direction, and rate of movement, and so
on) indoors.

At present, radioactive aerosols from two sources can be emitted from the
‘‘Shelter’’: (i) those formed during the accident and being inside the ‘‘Shelter’’ in
the form of dust; and (ii) new ones generated in the process of physico-chemical
degradation of fuel-containing materials (FCMs), including the remaining uranium
dioxide. The processes of FCM degradation occur under the influence of natural
(radiation fields, air humidity, temperature variation, and so on) and man-made
factors (any works performed in the ‘‘Shelter’’). These processes include mechanical
embrittlement of FCM resulting in dust formation, radionuclide leaching from
uranium dioxide matrix, and so on.

The radiological danger of aerosol products of the Chernobyl accident relates
to the presence of highly toxic and long-lived fission and trans-uranium isotopes,
in particular, plutonium isotopes. It is necessary to track the lowest concen-
trations of radioactive substances. Therefore, all the used methods of aerosol
radiometry are based on their preliminary extraction from the air by any method
followed by measurement in concentrated form. This is achieved either by forced
pumping of air through filters or its expulsion through traps of different de-
signs due to wind dynamic pressure or by gravitational settling on the surface
(plates).

Pollution of air masses inside and outside the ‘‘Shelter’’ can be the result of a
number of processes:

1) rise of dust from the soil, main traffic arteries, and vegetation in the vicinity of
the ChNPP;

2) rise of dust from the surface of the ‘‘ruins’’ in the central hall, the reactor space,
and other premises of the ‘‘Shelter’’;

3) dust formation in the process of construction and erection works;
4) dust formation and rise as a result of falling structural components in the

‘‘Shelter’’;
5) degradation of FCM as a result of radioactive processes and aging of materials;
6) leaching of radioactive substances, drying of solutions, formation and dusting

of salt sediments.

The evaluation of the effect of the ‘‘Shelter’’ on the environment is a com-
plex and multi-factor problem. As before, one of the main sources of potential
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radioecological danger from the destroyed fourth power generating unit (hereafter
reactor 4) of ChNPP is the process of air migration of radionuclides. It is impor-
tant to know the radionuclide composition of aerosols, their concentration, the size
distribution of particles (dispersity), the place of and reasons for the generation
of aerosols, their methods of transport, deposition, and dissolution in the human
respiratory system, and the efficiency of use of individual and collective protective
devices.

Before we start to examine the aerosols related to the ‘‘Shelter,’’ let us explain what
radioactive aerosols are and describe some of their specific properties. Radioactive
aerosols are aerodisperse systems of solid or liquid particles suspended in the air or
in other gaseous media and consisting wholly or partially of radioactive substances.
The radioactive component can be evenly distributed within the particle volume,
can be on its surface, or can occupy a certain permanent or non-permanent place
inside and/or on the surface.

Radioactive aerosols are characterized by all the features typical of common
aerodisperse systems. However, the presence of ionizing radiation imparts a
number of specific properties. These include, first of all, the presence of electrical
charges on the particles and ionization of both the material of the particles and the
gaseous medium itself. Secondly, there is the possibility for spontaneous formation
of nanoparticles (clusters) at radioactive decay of gaseous substances, for example,
radon, thoron, xenon, krypton, and so on, as well as its daughter products. At
radioactive alpha decay, for example, transuranium isotopes may generate recoil
atoms. Thirdly, there is the possibility of detecting and studying aerosol particles
as a result of their radioactive emission.

Radioactive aerosols are generated during various processes in the treatment
of materials containing radioactive substances: fragmentation, grinding, bolting,
pouring into another container, heating of solids, boiling, evaporation, pouring
and bubbling of fluids, chemical interaction of substances in the gas phase,
and so on. In the atomic industry, the formation of radioactive aerosols oc-
curs mainly in the following situations: in the mechanical, metallurgical, and
chemical treatment of ores (in particular, uranium ones), in the production of
uranium hexafluoride, in the gas flows used to cool nuclear reactors, during
radiochemical isolation of plutonium, at incineration and wet treatment of ra-
dioactive waste, and in the apparatus and plants of research laboratories. Large
amounts of radioactive aerosols are generated in nuclear weapons trials, espe-
cially during explosions in the atmosphere. Accidents at nuclear power plants
result in serious consequences and environmental contamination with radioactive
aerosols.

All the above mechanisms of radioactive aerosol formation are special cases
of dispersion and condensation processes causing the generation of common
aerosols. Consequently, they have been sufficiently well investigated. However,
there is a specific mechanism of generation of radioactive aerosols requiring
special attention, as can be observed in the case of products of the Chernobyl
disaster, that is, the appearance of radioactive recoil atoms or clusters after alpha
decay in air. This mechanism was discovered at the beginning of the twentieth
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century soon after the discovery of radioactivity. In the case of aerosols of Chernobyl
genesis, this mechanism can be observed near surfaces of lava-like materials, which
appeared in 1986 in the lower part of the destroyed reactor and in the sub-reactor
premises as a result of fusion and spread of the remaining nuclear fuel. Almost
a quarter of a century after the accident, these lava-like materials contain, besides
uranium, also alpha-emitting radioisotopes of plutonium (238,239,240Pu), americium
(241Am), and curium (244Cm).

A nuclear explosion in the atmosphere when the fireball does not touch the
ground surface is an example of the condensation mechanism for generation of
radioactive aerosols. In the epicenter of the explosion, the temperature goes up to
1000 000 ◦C. As the result, all nuclear reaction products and the components of
mechanical constructions are immediately vaporized. In 0.01 s the temperature
goes down to several thousand degrees. The formation of condensation aerosols of
submicrometer size begins. If the explosion was near the ground surface, the rising
and expanding fireball draws in a considerable amount of soil. This soil partially
vaporizes and then condenses together with the products of the fired object. Some
soil particles, for example, in the base of the ‘‘atomic cloud,’’ become radioactive
because of the deposition of explosion products on them. A number of chemical
elements present in the soil become radioactive as a consequence of neutron
irradiation. The study of aerosols generated in atmospheric nuclear explosions
performed in 1950–1960 detected individual highly active particles named ‘‘hot’’
particles. Similar particles formed in the Chernobyl accident were detected both
in the surroundings and at long distances, including the countries of continental
Europe and Scandinavia.

Since the cessation of nuclear weapons trials in the atmosphere (the last such
explosion was performed in China in 1980), radioactive products have been
continually settling on the ground surface. By the end of the twentieth century,
the atmosphere had practically cleared itself of the radioactive aerosols generated
during nuclear trials. Against this background, radioactive aerosols formed in the
Chernobyl accident and released into the troposphere and the stratosphere were
distinctively detected in the Northern Hemisphere in 1986 and later. No aerosols of
Chernobyl genesis have been found in the Southern Hemisphere. This is caused
by the specificity of air exchange between the hemispheres of the Earth, which was
revealed in the observations of radioactive products of nuclear trials already by the
middle of the twentieth century.

Carriers of natural cosmogenic radionuclides occupy a special place among
radioactive aerosols, which can be classified under the category of condensation
ones. They are 3H (tritium), 7Be, 14C, 22Na, 24Na, 32P, 33P, 35S, and so on. They
appear as a result of nuclear reactions in the upper atmospheric layers under
the influence of neutrons and protons of cosmic radiation. The radioactive atoms
formed settle on small atmospheric particles and then slowly get into the lower
tropospheric layers. As the above-listed radionuclides have half-lives from several
hours to several years, they can be used successfully to study atmospheric processes.
They figure as tracers in many works on nuclear meteorology.
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During the last decades of the twentieth century, the attention of radioecologists
was drawn to radon gas and its daughter products (DPs). This was preceded by
the discovery of an association between radon concentration and cancers of the
lungs and upper respiratory tract in uranium miners and other underground
workers. High radon concentrations can also be observed in cellars and on the
first floors of dwellings and offices, where radon penetrates from the ground
through cracks, poorly sealed joints, and leakage. This gas is known to appear
as a result of the radioactive decay of 238U. It was shown that the inert gas
itself is not as dangerous as its short-lived DPs, especially alpha-emitting ones.
As they appear in radon decay in the form of polonium, bismuth, and lead
atoms, and have high diffusion coefficients, they deposit in the upper respira-
tory tract. If the air is dusty, the formed atoms settle on small atmospheric
particles and penetrate into deep sections of the lungs (alveoli and primary
bronchi).

The problem of radon and its DPs exists also in the ‘‘Shelter’’ of the ChNPP.
Its sources are the huge masses of concrete and the sandy ground in which the
foundations of the destroyed reactor 4 are embedded. The ‘‘Shelter’’ has no forced
ventilation. Besides radon, the premises of the ‘‘Shelter’’ also emanate thoron,
which is partially generated in the decay of the 232U formed in the nuclear fuel of
the reactor during its almost 850 days of working before the accident.

Some radioactive substances can exist in the atmosphere and in production
equipment in the forms of aerosols and gases. These include mercury, polonium,
iodine, ruthenium, tellurium, and so on. After the Chernobyl accident, one of the
most biologically dangerous radionuclides, 131I, was observed in the atmosphere
in both phases for two months. The portion of radioiodine in aerosol form varied
from 10% to 100%. In the gas phase, this radionuclide was present in the form
of molecular iodine (I2) and methyl iodide (CH3I) vapors. In this connection,
sorption-filtering materials entrapping both phases should be used for protection
against radioiodine and for analytical purposes.

Radioactive aerosols are used for medical purposes and in scientific research,
for example, in the above-mentioned nuclear meteorology. Their main advan-
tage over other methods is the possibility of exact measurement using different
radiometers. Specific methods of measurement of radioactive substances, espe-
cially alpha-emitting ones, include autoradiography and solid-state detection. One
of advantages of autoradiography is the possibility of visualizing, isolating, and
analyzing individual particles. This was done with aerosol samples collected at
air nuclear trials for the purpose of isolation of ‘‘hot’’ particles and with samples
collected after the Chernobyl accident.

Below are the results of observations and studies of aerosols in the ‘‘Shelter’’
and its vicinity performed in 1986–2008. Petryanov filters, which were specially
developed for radioactive aerosol studies (for a detailed description of these filters,
see Part 3 of this book), were used for collection and analysis of aerosol samples
throughout the entire duration of this study [3, 4].
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6.2
Environmental Aerosols

6.2.1
Dynamics of Release of Radioactive Aerosols from Chernobyl

Estimates of the daily release of radioactive substances (Figure 6.1) are included
in ‘‘Information on the accident at the Chernobyl NPP and its consequences’’ [1]
presented by the USSR State Committee on the Use of Atomic Energy for the
Meeting of IAEA experts, which took place on 25–29 August 1986 in Vienna.

The dynamics of the release has been widely commented upon in the literature
[5–9]. Here is, for example, an extract from [8]:

Radioactive substances were released into the atmosphere during the first ten
days after the accident before the release was stopped. The heat of the fire increased
the levels of released radioactive iodine (131I and 133I), a considerable portion of
volatile elements from the group of metals including radioactive cesium (134Cs and
137Cs) as well as a somewhat smaller amount of other radionuclides that are usually
present in the fuel of a reactor, which has been working for several years.

This release was not a one-time event. On the contrary, only 25% of material
was released on the first day of the accident, the remaining amount was released
during the subsequent nine days (Figure 6.1). The curve of the release intensity
depending on the time can be divided into four areas:
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Figure 6.1 Emission of radioactive aerosols to the
atmosphere during the 1986 Chernobyl disaster (24 h
average with radioactive decay taken into account).
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1) The first release took place on the first day of the accident. During this period,
the physical release of radioactive materials was the result of explosion in the
reactor and the subsequent heating as a result of the fire and the effect of the
active zone.

2) During the subsequent five days, the release intensity decreased to a minimum
approximately six times smaller as compared with the initial level. At this
stage, the decrease in the release intensity was achieved due to measures to
control graphite combustion and due to the reactor cooling. These measures,
including the casting of 5000 t of boron carbide, dolomite, clay and lead from
helicopters to the active zone resulted in the filtration of radioactive substances
released from the active zone. At this moment, a release of fine-dispersed
fuel took place immediately together with the flow of hot air and smoke from
burning graphite.

3) After that there was a period of four days during which the release intensity
increased again up to 70% of the initial level. First the release of volatile
components, especially iodine was observed; the subsequent composition of
radionuclides reminded a typical composition of spent fuel. This phenomenon
was attributed to the fuel heating in the active zone to 2000 ◦C, which was
caused by residual heat generation and isolation with materials cast down to
the active zone.

4) Ten days after accident there was a sharp reduction in the release intensity
to less than 1% of the initial one. Subsequently, the release intensity was
constantly decreasing. The last stage, which started on May 6, was characterized
by a sharp decrease in fission yield and gradual cessation of release. These
events were the consequence of special measures, which resulted in binding
of fission products into more stable chemical compounds [4, 10].

The dynamics of the release of radioactive substances from the destroyed reactor
4 is one of the key aspects of the acute phase of the accident. A review of the initial
materials [4] used to evaluate the radioactive release in the 1986 accident report
presented by Soviet experts for IAEA was published by Yu.V. Sivintsev and A.A.
Khrulev (two researchers of the Kurchatov Institute – Russian National Center) in
the journal Atomic Energy in 1995 [11].

Many authors have tried to reconstruct the release dynamics and to calculate the
amount of released radioactive aerosols, including 137Cs and especially radioiodine.
Models of atmospheric transport that were available before the Chernobyl accident,
for example, the ARAC system in the USA [12], were used, and new ones were
created for different spatial and time scales. A review of the comparison of results
obtained with the models used is presented in [13]. The authors of the review
state that the results of reconstruction of the total amount of 137Cs released with
the method of solution of the inverse problem of atmospheric transport coincide
quite well with each other in spite of the differences between the models. They
also coincide with the results of similar evaluations performed with other methods.
The differences in the reconstruction of the release dynamics are more noticeable.
This is associated with the fact that it is much more difficult to calculate the spatial
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features of the formation of radioactive contamination fields in individual periods
at the initial stage of the accident. That is why the quality of the model – that is,
the detailed description of the radionuclide dispersion and deposition processes as
well as the completeness and reliability of meteorological data – plays the decisive
role in the reconstruction of the dynamics of nuclide activity in a given territory.

6.2.2
Transport of Radioactive Clouds in the Northern Hemisphere

The data presented in Figure 6.1 have been used in many works, for example, for
the calculation of the transport of gas–aerosol discharge from the ChNPP in the
Northern Hemisphere [14–16]. The heights to which they rise in the atmosphere
are discussed. The results of sampling carried out from an airplane above Poland
show that a portion of the radioactive aerosols was in the stratosphere [17]. As a
result of the large thickness of the cloud, transport of the initial products of the
explosion at different heights occurred in both the westerly and easterly directions.
The monograph [6] presents the trajectories of air-mass transfer at different heights
for a week after the accident.

The winds carried the torn-apart initial radioactive cloud from above the ChNPP
at comparatively low height (about 3–4 km) through northwest Europe. From
[6, 18–21] it follows that two or three days after the accident this part of the cloud
passed above Belarus, Lithuania, Poland, the Baltic Sea, Sweden, and Finland.
According to [22], air masses reached the southwestern part of Finland at about
noon on 27 April 1986 (at heights of 1500 and 2000 m) and three hours later at
lower heights (1000 and 1500 m). The next day, daily aerosol samplings from an
airplane were started at these heights [23]. According to the data of the Finnish
Center for Radiation and Nuclear Safety [24, 25], the maximal surface concentration
of 137Cs of about 10 Bq/m3 was recorded on 28 April in the south of the country
in Nurmiyarvi region. No other large amounts of Chernobyl aerosols coming to
Finnish territory were observed.

In the report [26] it was noted that, after leaving Scandinavia, the radioactive cloud
reached the North Atlantic on 2 May. At the monitoring point in Resolute in the far
north of Canada, the first increase of air activity concentration was recorded on 2–3
May. In the sample collected here over 24 hours the aerosol concentration already
exceeded the background level by five times. Some 4000 km to the southeast, on
the east coast of Canada, the first noticeable increase in the air activity concentration
took place in Greenwood, Halifax, Fredericton, and Digby with the filters exposed
on 4–5 May. As follows from Figure 6.2, the maximal concentrations of radioactive
aerosols were recorded on 10–12 May.

Other winds carried radioactive substances, which rose at the reactor explosion
to heights of 5–7 km and even into the stratosphere, above Siberia. For instance,
in Novosibirsk, a sharp activity increase was recorded on the night of 30 April–1
May [27]. Radioisotopes of both volatile substances (134Cs, 137Cs, 103Ru, 106Ru)
and substances of low volatility (95Zr, 95Nb, 141Ce, 144Ce, 90Sr) were found in the
aerosols. Then these winds transported radioactive clouds above China and Japan
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Figure 6.2 Radioactivity of beta-emitting mixtures in aerosol
samples in Canada in April–June 1986. The results were ob-
tained at Digby (open circles), Resolute (full triangles), and
Edmonton (full diamonds) monitoring stations.

and brought them across the Pacific Ocean to the west coast of the USA and Canada.
The authors of the report [26] think that the head of the radioactive cloud reached
the west coast of Canada on 7 May. In any case, in Vancouver (the most westerly
point of the Canadian monitoring network), an increased activity concentration of
aerosols was observed in the sample exposed on 5–6 May, and quantitatively 131I,
134Cs, and 137Cs were detected in the sample collected on 8–9 May.

However, in the southwestern part of Canada, that is, in Winnipeg, Saxatoon,
Calgary, and Edmonton, the products of the accident were recorded for the first
time somewhat earlier (4–5 May). Most probably, they were brought there through
the northwestern part of the USA.

Thus, Canada turned out to be a region of the Northern Hemisphere where
radioactive clouds of the first release from the destroyed reactor 4 torn apart
by winds above ChNPP came together and mixed. This meeting and mixing of
radioactive clouds above Canada, clouds which after the reactor explosion spread
in opposite directions round the globe, can be considered one of the peculiarities
of Chernobyl aerosol release. Another peculiarity consisted in the fact that the
analysis of samples collected in Canada did not reveal detectable quantities of
the low-volatility radionuclides 95Zr, 95Nb, 140Ba, 140La, 141Ce, and 144Ce, though
the volatile 103Ru, 131I, 132Te, 134Cs, 136Cs, and 137Cs were detected. 131I was in both
aerosol and gaseous forms. The portion of the latter varied from 20% to 100%.

One can judge the significance of aerosol fallout from the atmosphere and
its contribution to environmental pollution by the following extract from the
monograph [28]: ‘‘Ingress of 137Cs with waters of the Dnepr and the Danube to the
Black Sea in 1986–2000 was extremely insignificant and made up approximately 1%
of its atmospheric fallouts.’’ The authors of [29–32] came to the same conclusion.
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No radioactive aerosol products of the Chernobyl accident were found in the
Southern Hemisphere.

6.2.3
Observation of Radioactive Aerosols above Chernobyl

Sampling of gas–aerosol radioactive substances in the vicinity of the ChNPP
and along transfer routes was started the day after the accident. In [33, 34] it
is reported that on the night of 27–28 April 1986 the first operative sample was
collected above the ruins of reactor 4 of ChNPP from an An-24rr airplane laboratory.
Then helicopters began to work together with airplanes.

However, the first (and we can say random) aerosol sample from the plume of
the radioactive cloud was collected on the day of the accident (26 April) during
the duty flight of an An-30rr airplane of the USSR State Hydrometeorological
Committee above the western part of the European territory of the country. Having
landed on one of the aerodromes, the operators discovered that the gondola with
FPP-15-1.5 filtering material, which had been working during the flight, had a
strong radiation background. The intensity of the exposure dose amounted to
several R-units per hour. This was reported to the leadership of the USSR State
Hydrometeorological Committee. The sample was promptly taken to Kiev and
measured on a gamma-spectrometer. The results obtained were included in the
report presented to IAEA [9].

The results of measurements of isotope composition and concentrations of
radioactive aerosols collected from 28 April to 19 May 1986 with filters installed
on helicopters are presented in Figure 6.3. The flights were usually performed
at an altitude of about 200 m within a radius of 0.5–1 km from the ruins of
the reactor building. Sampling from An-24rr airplane laboratories equipped with
filtering gondolas [34–37] was performed at altitudes of 200–1200 m within a
radius of 2–5 km from the ChNPP. The concentrations of radioactive aerosol
products of the Chernobyl accident are presented in Figure 6.4 [35]. It can be seen
that the concentrations vary considerably. In part, this is explained by differences
in sampling places and times for airplanes and helicopters. Nevertheless, the
comparison of Figures 6.3 and 6.4 allows us to observe the synchronism of changes
in the concentrations of radioactive aerosols. High values were recorded on 28 and
29 April and on 4 and 16 May. The maximal values were observed not on 5 May, as
follows from Figure 6.1, but on 4 May. On that day, the total beta activity at aircraft
sampling made up about 55 000 Bq/m3, and at helicopter sampling the total activity
of nine gamma-emitting nuclides was 6900 Bq/m3. From Figure 6.4 it is clearly seen
that an increase in the concentrations of radioactive aerosols above the ruins of the
reactor building was taking place with time. However, within only three months of
observations, but not in the second half of May, as reported in [5], the concentrations
decreased by six orders of magnitude. In Figure 6.4 we can distinguish four areas:
28 April–4 May, 5–23 May, 24 May–6 July, and 7 July–6 August.

On the whole, the first area agrees with Figure 6.1. In the second area, the
maxima are observed on 7–9 May and 16–21 May. The concentration of 16 May
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Figure 6.3 Radioactivity of nine gamma-emitting nuclides
in aerosols above the ruins of the fourth block of the Cher-
nobyl NPP in April–May 1986. Samples were obtained by
using helicopter (full circles) and aircraft (open triangles).
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Figure 6.4 Concentration of beta-active aerosols above
the Chernobyl NPP in April–August 1986 (collected from
aircraft).

was conditioned mainly by refractory elements and was only ∼1.5 times lower than
the value obtained on 4 May. In the third area, the practically constant concentration
of radionuclides remained at a level approximately 100 times lower than on 4 May.
Four values exceeding 1000 Bq/m3 were recorded in June, and one more such
value was recorded early in July. The fourth (also practically horizontal area) is
characterized by a sharp decrease in radioactive aerosols on average by two more
orders of magnitude. In two cases, the concentration was lower than 0.1 Bq/m3.
Pronounced maxima are absent.
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Thus, the results of aircraft and helicopter sampling did not confirm such a sharp
decrease in the concentration radionuclide concentration of radioactive substances
above the reactor as described in [4–8]. Moreover, the studies performed in the
early fall of 1986 showed that the release from the destroyed reactor 4 still remained
at a high level. In those experiments, in late August and early September, aerosols
were collected on filters placed on a rope thrown over from the eastern to the
western wall of the reactor at a height of 20–30 m from the surface of the destroyed
reactor, and on 1–2 October they were collected from the arm of a construction
crane at the erection of the roof of the ‘‘Shelter.’’ It turned out that the aerosol
concentrations in the flow coming out of the ruins of the reactor building made
up 102 − 104 Bq/m3, that is, they were several orders of magnitude larger than
those recorded from an airplane in July and August (see Figure 6.4). Thus, already
in summer the air leaving the ruins was not warm enough to rise to the height
of the patrolling airplane. It can be supposed that, since the second half of May,
the aerosol concentrations recorded in aircraft samples collected even at the lowest
flying height of 200 m were considerably lower than those in flows leaving the
reactor – it was not possible to go down lower because of the 150 m high ventilation
pipe (VP-2).

Variations of aerosol concentrations (see Figures 6.3 and 6.4) were accompanied
by significant differences in their radionuclide composition. Volatile radionuclides
(iodine, ruthenium, and cesium) prevailed at low activity concentrations of aerosols.
These include samples collected from a helicopter on 1–3, 5, 7–10, 14, and 18 May.
The activity of samples collected on 1–3 May were practically fully conditioned by
131I, that of samples collected on 8 May by 103Ru and 106Ru, and that of samples
collected on 14 May by 134Cs and 137Cs. Refractory radionuclides (zirconium,
niobium, and cerium) prevailed in samples collected in periods of high activity
concentrations of aerosols. Such samples were collected from an airplane on 28–29
April, 4, 15, and 16 May. In some cases, they contained small amounts of ruthenium
and cesium radioisotopes.

In five cases, samples were collected from a helicopter and an airplane on
the same day. However, on account of the differences in the heights and flight
durations, the concentrations and radionuclide composition of aerosols coincided
only in samples collected on 16 May. This was indicative of the variability of the
discharge composition even during short time periods.

At a number of airplane probings, the gondolas were equipped with SFM-I
sorption filtering materials developed at the L.Ya. Karpov Physicochemical Institute
[38]. In these cases, not only aerosols but also some gaseous radioactive products,
including iodine, tellurium, and ruthenium, were entrapped from the filtered air.
It was revealed that 95Zr, 95Nb, 134Cs, 137Cs, 140Ba, 140La, 141Ce, 144Ce, and 7Be
(a radionuclide of cosmogenic origin) were practically completely entrapped in the
front aerosol layer from FPP-15-1.5 material, while 103Ru, 106Ru, 131I, and 132Te
were also found in the subsequent sorption layers containing activated carbon
impregnated with AgNO3 [39].

The detection of ruthenium and tellurium in SFM-I sorption layers was indicative
of their presence in the atmosphere not only in aerosol form but also in gaseous
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form. The portion of 103Ru in gaseous components made up 0.6–13%, that of
106Ru made up 2.7–16%, and that of 132Te made up 1–8%. The identity of the 103Ru
and 106Ru distributions between sorption layers of material allowed us to conclude
that they were present in the air as part of the same gaseous substances (obviously,
RuO4). Gaseous compounds of 132Te were also well entrapped.

The study of radioiodine distribution over the layers of SFM-I material showed
that its gaseous substances were adsorbed with more difficulty than those of
ruthenium and tellurium. Obviously, 131I is in the air not only in the form of
molecular iodine vapor, but also as a part of organic compounds (methyl iodide,
CH3I). It should be noted that, during the sampling period above the reactor from
8 to 19 May, the portion of gaseous forms of iodine increased from 30% to 90%.

During the flight on 14 May, a three-layer filter intended for determination of
the dispersion composition of aerosols was placed in one of gondolas besides the
sorption filtering material [40, 41]. It was revealed that refractory radioisotopes
(95Zr, 95Nb, 140La, 141Ce, and 144Ce) and their compounds were concentrated on
particles with active median aerodynamic diameter (AMAD) of about 0.7 µm at
a standard geometric deviation σ = 1.6–1.8. Volatile radionuclides (131I, 103Ru,
106Ru, and 132Te) having gaseous compounds were associated with considerably
smaller particles with AMAD of 0.3–0.4 µm at σ = 2.3–2.5. The difference in
sizes of particles containing radionuclides was most probably conditioned by the
physico-chemical processes taking place within the ruins of the reactor building
in the remaining nuclear fuel and uranium fission products. Aerosols of detected
sizes are involved in long-range atmospheric transport and can be observed at the
distance of many thousands of kilometers from the place of generation.

6.2.4
Observations of Radioactive Aerosols in the Territory around Chernobyl

After the beginning of the construction of the ‘‘Shelter,’’ the Radiometric Laboratory
manned with specialists and equipped with apparatus from the V.G. Khlopin
Radium Institute was entrusted with aerosol monitoring in the nearest vicinity
of the ChNPP [42]. On 11 June 1986 they began daily aerosol sampling at 13
points onboard a BTR armored troop-carrier patrolling around the perimeter
of the ChNPP. The air was pumped through AFA RMP-20 filters. The results
of gamma-spectrometry of samples on a semiconducting detector with a Nokia
LP-4900 analyzer are presented in Figure 6.5. It can be seen that the activity
concentrations of the mixture of gamma-emitting nuclides were high and varied
considerably; in five of 19 samples the concentrations exceeded 740 Bq/m3,
that is, the temporarily prescribed permissible norm (maximum permissible
concentration–MPC). High concentrations were the consequence of construction
and decontamination work near reactor 4 as well as intensive flow of traffic. By
the end of June, the composition of radionuclides became stable due to the decay
of iodine, lanthanum, barium, tellurium, and other isotopes. In July, a number of
premises inside the plant were included in the work program. On 14 September,
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Figure 6.5 Concentration of gamma-active nuclides
in aerosols at ground level of the Chernobyl NPP in
June–July 1986 (samples were collected along the
perimeter of the NPP).

more points, including ones in Chernobyl, were added. Figure 6.6 presents some
results of this monitoring (before commissioning the ‘‘Shelter’’).

From Figure 6.6 it follows that, near the administrative and communal building
(ACB-2) in July, August, and September, the concentrations of aerosol carriers of
gamma-emitting nuclides were usually in the range of 100–1000 Bq/m3. Such
high concentrations were conditioned by the fact that the sampling point was only
300 m to the east of the place where intensive activities on erecting the northern
cascade wall of the ‘‘Shelter’’ were going on. The pit-face made by miners who
were erecting a concrete refrigerator plate under reactor 4 was nearer still. Only in
October and November, when the construction works at the ‘‘Shelter’’ became less
intensive and a large area near it was covered with ‘‘clean’’ soil and concreted over,
did aerosol concentrations decrease to 10–100 Bq/m3.

The sampling point near ACB-1 was approximately 1.5 km to the east of reactor 4.
Though the initial explosion products were thrown away in a westerly direction,
aerosol concentrations near ACB-1 and ACB-2 proved to be comparable. Most
probably, this was associated with the intensive flow of traffic near ACB-1, where
cars were constantly coming from regions with a high degree of pollution of soil,
buildings, and machinery. Significant variations of concentrations were also likely
to occur under the influence of the meteorological situation (precipitation and
wind). For instance, one of the highest concentrations (4440 Bq/m3) was recorded
near ACB-2 on 21 August in a strong west wind with gusts up to 10–15 m/s.

Only in October and November, when radioactive substances that had fallen as
a result of the accident were removed from rather large areas near the erected
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Figure 6.6 Concentration of gamma-active nuclides
in aerosols at ground level of the Chernobyl NPP in
June–November 1986 (samples were collected near
ACB-1 and ACB-2).

‘‘Shelter,’’ and the areas were covered with gravel and sand and concreted over,
did aerosol concentration decrease by an order of magnitude as compared with
the levels observed in July to September. Rains in the fall also contributed to the
reduction of dust rise.

From the end of August to the middle of September, aerosol samples near ACB-2
were also collected by specialists of the L.Ya. Karpov Physicochemical Institute [43].
They were interested in the aerosols that got into the air-raid shelter located in the
basement of ACB-2. Figure 6.7 presents the results of such observations.

During the observation period, considerable variations in the concentrations were
recorded at the air-raid shelter. For instance, the minimal values recorded on 20
and 25 August made up about 14 Bq/m3, and the maximum recorded on 21 August
amounted to 1110 Bq/m3. The reason for the spike in concentration was the strong
wind mentioned above. Besides the concentrations, the radionuclide composition
was also unstable. There was a very high concentration of refractory elements in
samples collected on 20–22, 25–26, and 30–31 August. Consequently, aerosols of
fuel composition prevailed near ACB-2 on those days. The sample collected on 2
September was different. The portion of volatile substances (radioruthenium and
radiocesium) in it made up about 65%. This correlated with [19–21] where it was
noted that radiation of individual highly active particles collected in Sweden and
Finland (thousands of kilometers away from the ChNPP) was practically completely
caused by radioruthenium.

The most probable reason influencing the state of radioactive pollution of the
atmosphere near ACB-2 was aerosols transported from the western part of the
ChNPP area, where there are places of heavy fallout of accident products, rather
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Figure 6.7 Concentration of gamma-active nuclides in
aerosols at 1 m above the ground near ACB-2 in 1986.

than aerosols coming directly from the ruins of the reactor building. This confirms
the relation of the aerosol concentrations with the wind rose. The highest aerosol
concentrations were observed for west winds recorded on 21, 22, 24, and 31 August
as well as on 3 September. The stronger the wind (for example, on 21 August its
gusts achieved 15 m/s), the higher the concentration. The lowest concentrations
of radioactive aerosols were observed in east winds recorded twice (on 20 and 25
August).

Besides the specialists of the V.G. Khlopin Radium Institute and the L.Ya. Karpov
Physicochemical Institute, in the fall of 1986 regular aerosol sampling was per-
formed by employees of the F.E. Dzerzhinsky All-Union Heat Engineering Institute.
Their four control points were located at the plant periphery at a height of 1 m from
the ground; three of these were in the places of the air intakes for input ventilation in
three units of the first line of the ChNPP [44]. Figure 6.8 presents the results obtained
at surface level. Aerosol concentrations varied from 1 to 220 Bq/m3 and coincided
with the data obtained near ACB-1 (see Figure 6.6) in order of magnitude. On the
whole, as noted previously (see Figure 6.6), in the fall of 1986, the concentration of
radioactive aerosols in the vicinity of the ChNPP distinctly decreased.

Besides AFA filters, a cascade impactor was used for sampling on 9–26 July.
The results revealed the existence of bimodal size distribution of particles around
the perimeter of the main building of the ChNPP first line. The portion of finely
dispersed fraction (the activity of which was 90% conditioned by 103Ru and 106Ru)
made up on average 8% of the total activity of gamma-emitting nuclides. The AMAD
of this fraction was about 0.7 µm at σ = 2–3. The rest of the activity fell into the
fraction of coarsely dispersed aerosols with AMAD of 8–12 µm at the same σ [44].

After the commissioning of the ‘‘Shelter,’’ the arrangement of the radioac-
tive aerosol control system on its territory took about a year. When, in 1988,
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well-boring was started to seek FCMs in reactor 4, a team of specialists from
the Complex Expedition at the I.V. Kurchatov Institute of Atomic Energy was
entrusted with the control of the aerosol situation inside the ‘‘Shelter’’ and its
surroundings. Four filtering plants (FPs) were already functioning within a ra-
dius of 300 m from the reactor by that time. They provided round-the-clock air
pumping through FPP-15-1.5 material at a flow rate of 400–500 m3/h. The filter
exposure lasted five days. The results obtained in the fall of 1988 are presented in
Figure 6.9.

As can be seen in Figure 6.9, the highest values amounting to 100 Bq/m3

were observed in the southern part of the territory. For all three plants the
difference between the maximal and minimal concentrations made up 1–2 orders
of magnitude. Though the distance between the plants was only 200–300 m, the
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Figure 6.8 Concentration of gamma-active nuclides in
aerosols collected near the first line of the ChNPP in
August–December 1986.
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Figure 6.9 Integrated concentration of gamma-active
nuclides in aerosols collected in various directions in the
vicinity of the ‘‘Shelter’’ in 1988.
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concentrations at simultaneous samplings practically did not coincide. From this,
it follows that the aerosol situation in the places where the plants are located
was determined by the effects of local sources rather than by regional air masses,
probably like in other points near the ‘‘Shelter.’’ Such a situation was still observed
in 1989–1990.

Three years after the accident, when radioactive products with half-lives of less
than 100 days had practically disappeared, attention was mainly focused on the
content of alpha-emitting aerosols, as they began to determine the dose due to
ingress of substances by inhalation, and 137Cs, which made a major contribution
to external irradiation.

Summarized data on the concentrations of 137Cs and 241Am aerosols in the
local zone collected during 15 years in the ‘‘Areal’’ laboratory created at the
Interdisciplinary Science and Technology Center ‘‘Shelter’’ of the National Academy
of Sciences of the Ukraine are presented in Figure 6.10. Practically all the samples
were obtained at 15-day exposure of FPP-15-1.5 filters. Considerable (up to three
orders of magnitude) differences in the minimal and maximal values of both 137Cs
and 241Am during comparatively short time periods are observed. The greatest
variations are recorded for samples collected using the plant installed in the
southern part of the territory. The reason is probably associated with the higher
concentrations of uranium, and consequently its fission products, found here after
the accident. Nevertheless, in Figure 6.10 it can be seen that, on the whole, 137Cs
and 241Am concentrations in the places where the northern, northwestern, and
southern plants are installed are very close to each other. One other important
conclusion follows from the graphs in Figure 6.10: since December 1992, the
concentration of 137Cs aerosols decreased within seven years by approximately five
times. This value is much larger than that achieved due to radioactive decay (the
half-life of 137Cs is T1/2 = 30.2 years).

A still sharper decrease in 137Cs concentration in the air during the first years
after the accident was reported in [45, 46]. Samplings in Pripyat City, situated at a
distance of 5 km to the northwest of the ‘‘Shelter,’’ over a period of five years (from
July 1987) revealed that the concentration of aerosol carriers of 137Cs had decreased
by approximately 20 times. During subsequent years, this process slowed down
and even stabilized. The authors of [46] represented the concentrations of 137Cs
(µBq/m3) by the equation

C0(t) = 6725 exp(−t/30) + 346

where t is the number of years after commencement of observations. They predicted
that the persistence of such regularity will be valid till 2009.

The reason for the sharp (during the first years after the accident) and then
delayed decrease in the concentration of aerosols of 137Cs and other radionuclides
(in particular, plutonium isotopes) in the air is probably associated with natural and
man-made factors: embedding of accident products in the soil, decontamination
of the region around the ‘‘Shelter’’ and planting of greenery on it, dust control
at construction and erection works, and so on. At the same time, a more rapid
decrease in the concentration of 137Cs aerosols in the air than that calculated for
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Figure 6.10 Radioactivity of aerosol particles containing
137Cs and 241Am obtained in the vicinity of the ‘‘Shelter’’
(north, northwest, and south) in 1992–2007.

T1/2 = 30.2 years indicates that the contribution of discharge from the ‘‘Shelter’’ to
the current aerosol situation is insignificant.

Though the nuclear physical origins of 137Cs and 241Am are different – the first
one being the product of uranium fission, and the second one the product of
beta-decay of 241Pu (T1/2 = 15.2 years) produced in the fuel – the dynamics of their
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concentrations in 1992–2007 in the air in the region of the ‘‘Shelter’’ were practically
identical (see Figure 6.10). 241Am concentrations in the range of 0.01–0.1 mBq/m3

prevailed among almost 900 samples. The minimal concentrations were usually not
lower than 0.003 mBq/m3, and the maximal ones only in several cases approximated
to or somewhat exceeded 1 mBq/m3. The highest concentrations were more often
recorded near the southern FP-3. The three times that activity concentrations of
241Am amounted to 1 mBq/m3, it was associated with construction works. For
example, in the late spring–early summer of 2000, intensive excavation works were
going on at the site of the construction of a spent nuclear fuel repository (SNFR-2)
located 2 km to the southeast of the ‘‘Shelter.’’ In August–September 2006, a path
was laid (scraping and loading of soil, delivery, and leveling of gravel) onto the
berm near FP-3. It should be noted that these roadworks caused only an increase in
137Cs and 241Am concentrations in samples from the southern plant. No increased
radionuclide concentrations were recorded in samples collected simultaneously at
the northern and northwestern plants (see Figure 6.10).

The radionuclide ratio is known to be very important for the identification of
radioactive aerosols and the detection of their sources of origin. From Figure 6.10
it can be easily estimated that the 137Cs/241Am ratio was usually in the range of
50–70. These values are typical of nuclear fuel with burnup of 11 MWt day/kg of
uranium [47]. Thus, the aerosol situation around the local zone of the ‘‘Shelter’’
is determined by the so-called radioactive fuel particles. It is these particles that
fell near reactor 4 after the accident on 26 April 1986. The high 137Cs/241Am
ratios (120–190) in December 2000 and January 2001 are probably associated
more with inaccuracy of the sample measurements on account of the very small
concentrations of radioactive substances observed during the winter season, when
the rise of dust from the ground was complicated, than with the ingress of so-called
condensation aerosols (see Figure 6.10).

Soon after the commissioning of the ‘‘Shelter,’’ the specialists of the ‘‘Kombinat’’
production association started to control the state of the air medium around
it at distances above 0.5 km [48]. VP-2 was chosen as the zone center. Within
a radius up to 1 km, samples were collected in 11 points, and at distances of
1–3 km in 13 points. Figure 6.11 presents summarized aerosol concentrations of
the gamma-emitting nuclides from March to December 1987. It can be seen that the
concentrations of radioactive aerosols in both zones were decreasing synchronously.
They were usually five times lower at 1–3 km distance than at 0–1 km distance.
This is explained by a decrease in both the density of local contamination with
radionuclides that had fallen after the accident and the intensity of dust rise due to
human activities and strong winds. From the approximating dotted straight lines,
it follows that the period of the activity decrease by half was about 22 days. As at the
beginning of these observations all radionuclides of accident origin with half-lives
less than 30 days no longer existed, the high rate of activity decrease can be explained
only by the effect of natural and anthropogenic factors: the decontamination of the
locality, roads, constructions, as well as embedding of the fallen substances into
soil. Besides, the intensity of construction works including the flow of traffic also
decreased.
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Figure 6.11 Concentration of gamma-active nuclides in
aerosols collected at distances of 0–1 and 1–3 km from
the fourth block of the ChNPP in March–December 1987.

The Automated Radiation Monitoring System began to function in the 30 km
Chernobyl exclusion zone in 1988. It included about 30 stationary points of
round-the-clock aerosol sampling using FPP-15-1.5 materials. Five points of this
type systematically collecting aerosols are located within the radius of 0.5–3.0 km
from the ‘‘Shelter’’ [49, 50]. The specialists of the Exclusion Zone Radioecological
Monitoring Center work at these points. Their data are an important supplement
to observations carried out in the surrounds of the ‘‘Shelter.’’

At the control point under consideration, the aerosol situation largely depends
on the works performed near the FPs and the weather conditions, in particular the
wind speed. For instance, excavation and construction works in the vicinity of the
‘‘Shelter’’ in the spring of 2000 were the source of radionuclide-contaminated dust,
which was recorded practically simultaneously at sampling on 4–18 May in the
southern part of the ‘‘Shelter’’ region and on 7–12 May at the points of the outdoor
switchgear and Petroleum Storage Depot. At this time, the 137Cs concentration (135
mBq/m3) in the sample from near the ‘‘Shelter’’ proved to be maximal during the
10-year observation period starting from 1993, and was also maximal at the outdoor
switchgear (16 mBq/m3) and the Petroleum Storage Depot (2.5 mBq/m3) [51].

In the second half of 2002, radioactive aerosol monitoring with a ‘‘Typhoon’’
aspirator was commenced near the office building standing 2 km to the west of
the ‘‘Shelter’’ [46]. The high efficiency of the aspirator (about 4000 m3/h) allowed
representative samples to be obtained within short time periods, for example, a
day. Data on 137Cs concentration are given in Figure 6.12. It can be seen that most
often the concentrations were within the range of 0.1–0.3 mBq/m3, that is, an
order of magnitude lower than in the vicinity of the ‘‘Shelter.’’ During the period
under consideration, sharp increases in radioactive aerosol concentration caused
by natural factors were observed twice: early in September as a consequence of
forest fires, and early in December on account of strong winds. These situations
will be described below in more detail. Here it should also be noted that the
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Figure 6.12 Radioactivity of 7Be and 137Cs containing
aerosols at ground level 2 km from the ‘‘Shelter’’ (near the
administrative building) from 30 July to 5 December 2002.

concentrations of cosmogenic 7Be – which does not bear any relation to the
products of the Chernobyl accident and is a peculiar marker of air masses coming
from the upper troposphere and from the stratosphere – were high in August and
in the first half of September and then decreased by 4–5 times.

The influence of high wind speeds is manifest in an increase in the number and
variation of sizes of particles, which start to take off from the underlying surfaces
(ground, roads, roofs, leaves of trees and bushes, grass, and so on). Naturally, the
higher the density of local contamination with the products of the accident and the
subsequent ingress of radionuclides of Chernobyl genesis as a result of human
activities, the larger will be the concentrations of radioactive aerosols in the air.

The effect of high wind speeds can be traced by the example of the situation
in March 2003, which influenced aerosol samples collected by stationary plants in
the region of the ‘‘Shelter’’ as well as those located in the vicinity of the ChNPP
[52]. According to the data of the ‘‘Chernobyl’’ weather station, the month’s highest
wind speeds were observed on 20–22 March: average wind speeds up to 5 m/s and
gusts up to 14 m/s. The mean daily temperatures of the air, which had been above
freezing since 11 March, went down below zero (to −5 ◦C), and then went up again
to 2–6 ◦C after 24 March. Snow, which fell on 20–21 March, reduced dust rise
from the soil and roads to a certain extent.

High concentrations of 137Cs aerosols were recorded around the ‘‘Shelter’’ at
exposure of the filters from 17 March to 2 April (Figure 6.13). The concentration
increased by an order of magnitude as compared with the average annual value in
the southern part of the territory. A similar situation was observed at three aerosol
monitoring points located in the vicinity of the ChNPP during the sampling period
from 18 to 24 March: 137Cs concentrations at the points of the outdoor switchgear,
Petroleum Storage Depot, and bored piles increased by an order of magnitude as
compared with the average annual level. It should be noted that, at the Petroleum
Storage Depot and bored piles, the increase in aerosol concentration could not be
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Figure 6.13 Concentration of 137Cs in aerosols at ground
level obtained in the vicinity of the ‘‘Shelter’’ in January–May
2003.

the consequence of carryover of radioactive substances through the VP-2 pipe and
leakages (cracks) of the ‘‘Shelter,’’ because a stable northwest wind was observed
on 17–22 March. For the Petroleum Storage Depot this is important as the point is
located 2 km to the northwest of the ‘‘Shelter.’’ The bored piles are located outside
the plume of aerosol carryover, 3 km to the east of the ChNPP.

Observations at the ‘‘Chernobyl’’ weather station over many years show that dust
storms can be observed in the Chernobyl exclusion zone, with gusts stronger than
15–18 m/s. One of them occurred a year after the accident. Gusts of 25 m/s were
recorded by the ‘‘Chernobyl’’ weather station on 18 April 1987. The probability of
occurrence of dust storms in the Kiev region is from 2.1% to 31.7% in different
months. The maximal probability falls at July.

A synoptic situation, which also caused a dust storm, emerged in the first 10 days
of September 1992 in the northern part of the Ukraine, in the Bryansk region
of Russia, and in the southeastern part of Belarus. These regions are among
areas highly contaminated with the products of the Chernobyl accident, which fell
down from radioactive clouds in April–May 1986. The dust storm was caused by
a powerful cyclone, which arose in the Balkans on 4 September and was above
the Baltic Sea on the coast of Lithuania on 8 September. Thanks to scheduled
and unscheduled aerosol samplings performed on these days at a number of
weather stations in the Ukraine and Belarus, as well as at monitoring points in
the Chernobyl exclusion zone, it became possible to obtain unique data on the
composition of dust raised into the air by strong winds.

A considerable increase in the concentrations of atmospheric dust and radioactive
products of the accident was recorded in all the above regions. In the Chernobyl
exclusion zone, the duration of exposure of FPP-15-1.5 filters was reduced from
5–7 days to 2–23 hours. It was revealed that the concentrations of the accident
products increased during the storm by 1–2 orders of magnitude. Aerosol sampling
in Vilnius (500 km to the northwest of the ChNPP) revealed a 100-fold increase
in 137Cs concentration. The calculation of the trajectories of air-mass transfer on
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6–7 September showed that this 137Cs could have come to the environs of the
Lithuanian capital at altitudes of 1.5 km from the Kiev region (Ukraine) and the
Gomel region (Belarus).

The evaluation showed that, on 6–7 September 1992, when average wind speeds
of 8–12 m/s with gusts up to 25 m/s were observed in the Chernobyl exclusion
zone for 30 hours, the amount of the 137Cs radioisotope that could rise into the
atmosphere from territories with a density of contamination of this isotope of
3.7 × 106 Bq/m2 could exceed by four times the admissible monthly release of a
normally functioning 6 GWt thermonuclear power plant.

It was mentioned above that fires on areas contaminated with the products
of the Chernobyl accident could result in a sharp increase in the concentration
of radioactive substances in the air. From 30 August to 4 September 2002 near
the administrative building of ‘‘Shelter’’ the smell of smoke was in the air, and
abnormally high 137Cs concentrations were recorded [53].

As follows from Figure 6.12, the maximal value of about 170 mBq/m3 fell on
2–3 September. At the same time, increased concentrations of 134Cs, 90Sr, 241Am,
and plutonium isotopes were recorded. On those days, the average concentration
of 137Cs in the air increased by three orders of magnitude. The 137Cs/90Sr ratio was
about 30, which is approximately 20 times higher than that in nuclear fuel at the
moment of the accident at reactor 4 [47]. Such an increase in cesium concentration
in aerosols had already been observed after forest fires in regions contaminated
with the products of the Chernobyl accident [54–56].

Space photographs were used to detect the sources of smoke. The fires were
detected using an infrared imager. Not less than 45 forest fires occupying an
area of 0.3–1.2 km2 were recorded over an area of 200 × 200 km2. All of them
were in the eastern sector relative to the ChNPP near the border between the
Ukraine and Belarus, half of them being at the distance of only 20–40 km from the
station. The weather favored both the development of the fires and the transport of
combustion products toward the ChNPP. According to the data of the ‘‘Chernobyl’’
weather station, from 29 August to 5 September 2002 the night temperature was
11–15 ◦C, and the day temperature went up to 30 ◦C. Air pressure was in the
range of 752–758 mmHg. Wind speed varied from 1 to 2 m/s. Sometimes calm
was observed at night, and only in the daytime on 30 August did the wind speed
amount to 3 m/s. Maximal gusts up to 8 m/s were recorded. In this period from
12 to 6 p.m. the wind had a southern direction. On all the other days, air masses
were coming only from the southern and eastern quarters, which provided the
transport of combustion products to the vicinity of the ChNPP.

Thus, the analysis of space photographs and the meteorological situation in late
August–early September 2002 showed that the smoke seen in the area around the
‘‘Shelter’’ and its administrative building as well as the 100-fold increase in the
concentrations of 137Cs and other radionuclides were associated with forest fires in
the area between the Dnepr and Pripyat rivers near the northeastern boundary of
the Chernobyl exclusion zone, where there are vast territories contaminated with
radioactive products of the accident.
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The works [57–59] carried out on experimental sites in the Chernobyl exclusion
zone by specialists from the Ukrainian Institute of Agricultural Radiology showed
that high concentrations of radioactive products of the Chernobyl accident are
generated not only in forest fires but also in grassland fires. The formed smoke
particles of micrometer sizes containing radionuclides are involved in long-range
atmospheric transport.

6.2.5
Dispersity of Aerosol Carriers of Radionuclides

Undoubtedly, the results of the measurement of the disperse composition of
radioactive aerosols are interesting from the point of view of radiation safety.
Dispersity is the basic parameter determining aerosol deposition in respiratory
organs. The transport of particles in the atmosphere and working areas as well
as the functioning of treatment plants, analysis, and individual protection devices
depend on their sizes.

After the accident, the first samples for evaluation of the dispersion composition
of radioactive aerosols were obtained by specialists of the USSR Ministry of Defense.
In [60] there are data on the distribution of radioactive aerosol at a height of 2 m over
the territory of the ChNPP on 12 May 1986. Exact sampling points and techniques
are not reported. Only the distribution of particles in 1 cm3 of air in the range from
0 to 1.6 µm in 0.2 µm steps is presented. Data processing showed that they are well
approximated by the log-normal distribution with median aerodynamic diameter
of 0.62 µm and σ = 1.5.

Sampling was performed above the ruins of reactor 4 from an An-24rr airplane
at an airspeed of 350–400 km/h, at a height of 300 m above the ground, on two
days [36]. In one of the two gondolas installed on the fuselage, there was a pack
of three-layer Petryanov filters with an area of 1 m2 through which air passed
at a rate of 0.9–1.2 m/s. The flight over, each of the pack layers was measured
on a gamma-spectrometer. On 14 May 1986, it was found that the refractory
radionuclides 95Zr, 95Nb, 140La, 141Ce, and 144Ce had AMAD of about 0.7 µm at
σ = 1.6–1.8. These results were practically identical to those recorded on 12 May.
As for the volatile radionuclides 103Ru, 106Ru, 131I, and 132Te, they were bound
with considerably smaller particles whose AMAD was in the range of 0.3–0.4 µm
at σ = 2.3–2.5. This difference was probably caused by the high temperatures in
the ruins of the reactor building and the physico-chemical processes taking place
there.

The studies performed on 9–26 July 1986 by the specialists of the F.E.
Dzerzhinsky All-Union Heat Engineering Institute in the area of the first line
of the ChNPP were mentioned above. They used a cascade impactor to reveal a
bimodal size distribution of particles. Approximately 8% of the total gamma-activity
of the samples fell in the finely dispersed fraction with AMAD of about 0.7 µm
at σ = 2–3; 90% of the activity was determined by 103Ru and 106Ru. The coarsely
dispersed fraction had AMAD of 8–12 µm. Most probably, the generation of large
particles occurred as a result of construction works and traffic flow.
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On 10 September 1986, before the erection of the roof of the ‘‘Shelter’’ was started,
a sample was collected on a pack of three-layer Petryanov filters located approxi-
mately 20 m from the surface of the ruins of the reactor building [61]. Measurements
and calculations showed that the AMADs of the particle carriers of 141Ce, 144Ce,
134Cs, 137Cs, 95Zr, and 95Nb were equal and in the range 0.98–1.14 µm. Obviously,
each aerosol particle contained all the isotopes in constant ratio. Only the AMAD
of the particle carriers of 103Ru and 106Ru was somewhat smaller (0.74–0.92 µm).

The specificity of the particle carriers of radioruthenium was clearly seen from
the results of observations performed in May, July, and September 1986 in different
places: they systematically had smaller sizes. This was obviously associated with
the presence of the volatile compound RuO4, which in the gaseous state deposited
on small atmospheric particles having sizes of 0.1–0.3 µm.

After the arrangement of radiation observation points in the Chernobyl exclusion
zone, packs of three-layer Petryanov filters were regularly used to determine the dis-
persion composition of radioactive aerosols. Filters with an area of 0.3 m2 were con-
tinuously exposed for 5–7 days at a flow rate of about 1 m/s. Air pumping over, each
layer was measured on a gamma-spectrometer and transferred for radiochemical
analysis. Not only the isotope products of the Chernobyl accident, but also the DPs
radon and thoron, as well as cosmogenic 7Be, were determined. The results of mea-
surements of particle sizes collected at the ChNPP are shown in Figure 6.14 [62]. For
almost 20 years, the sizes of the carriers of the radionuclide products of the accident
remained stable: their AMAD was in the range of 3–8 µm. No separation of radionu-
clides (134Cs, 137Cs, 144Ce, and 239Pu) by particle size was observed. At the same time,
212Pb (the DP of thoron) and 7Be were on considerably smaller particles with AMAD
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Figure 6.14 Size of radioactive particles (134Cs, 137Cs,
144Ce, and 239Pu) and natural nuclides (212Pb and 7Be)
collected at the ChNPP in 1986–2006.
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0.1–0.3 µm. This is quite natural, as 212Pb and 7Be atoms on emergence deposit on
small atmospheric particles, and the radionuclide products of the Chernobyl acci-
dent are associated with dispersion particles formed during mechanical processes
and the wind rise of dust. It should be added that in 1988–1991, when units 1–3 of
the ChNPP were working, 131I was found in some samples. Its carriers were particles
with AMAD of 0.3–1 µm [63]. Besides, radioiodine was present in gaseous form.

6.3
Aerosols inside the Vicinity of the ‘‘Shelter’’ Building

6.3.1
Devices and Methods to Control Radioactive Aerosols in the ‘‘Shelter’’

The studies and measurements of radioactive aerosols inside the ‘‘Shelter’’ were
started soon after its commissioning (30 November 1986). They took on special
significance in 1988–1991 after drilling activity to seek nuclear fuel remaining in
the ruins of the reactor building.

All scheduled samplings were carried out with analytical filters AFA RMP-20
or AFA RSP-20 made of Petryanov fibrous polymeric materials. The use of RSP
filters is preferable, as their main filtering layer is made of ultrathin perchlorovinyl
fibers with a diameter of about 0.5 µm. This provides for entrapment of aerosols
in the front layer and allows measurement of radioactivity without the need for a
correction due to the absorption of alpha-particles by fibers. The filters are made
in the form of disks with an area of 20 cm2. The linear flow rate varied from
50 to 150 cm/s. AFA filters have high efficiencies of aerosol entrapment for a
broad range of particle sizes and flow rates [3]. The scheduled aerosol sampling
in the ‘‘Shelter’’ is carried out using portable blowers powered from the electricity
network or accumulators.

In premises where personnel stay all the time, aerosol samples are collected once
a day, and in the ‘‘Shelter’’ once a week. However, when repair, construction or
decontamination works as well as special studies are conducted, both the number
of points and the sampling periodicity are increased. Statistical data indicate that
1200 samples were obtained in 1992. Later on, their number continually increased.
The maximum (20 800 samples) was achieved in 2000–2003. Approximately 10
000 samples were collected in 2006 and 2007. The decrease is associated with
the rearrangement of the Radiation Monitoring System at the ‘‘Shelter’’ and the
introduction of individual aerosol samplers, the filters or impactor heads of which
are located in the workers’ respiratory areas [64]. On average, such devices collect
about 1000 samples annually.

6.3.2
Control of Discharge from the ‘‘Shelter’’

Control of discharge from the ‘‘Shelter’’ is performed in the ‘‘Bypass’’ system,
where aerosols from the former central hall of reactor 4 come through an air-duct.
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They then go either to the VP-2 or to the filtering station. From the ‘‘Bypass,’’
an aerosol sampling line is laid (a 35 m long tube with a diameter of 15 mm) to
the radiometric plant RKS2-03 No. 9 ‘‘Kalina’’ and a cartridge with an AFA filter.
Automatic aerosol sampling on a filtering tape made of Petryanov material, the
measurement of activity, and transfer of the results to the duty operator control
desk are performed in ‘‘Kalina.’’ The tape is changed every 6, 12, or 24 hours. The
AFA filter may be removed and measured on the instruction of the duty operator
at any time. The results obtained form the basis of the calculation of the total
discharge from the ‘‘Shelter’’ (daily, monthly, and annual).

Air release from reactor 4 through the ‘‘Bypass’’ occurs due to the natural draft
in the VP-2 pipe. Its top is at a height of 150 m. If the release of the mixture of
long-lived beta-emitting nuclides exceeds 26 MBq/day, it can be decided to close
the shutter of the ‘‘Bypass’’ and to switch the fans for air transport to the filtering
station for purification and then to VP-2. However, in the 23 years since the
accident, the shutter in the ‘‘Bypass’’ has not been closed. This is indicative of the
normal aerosol situation in the ‘‘Shelter.’’

The problem of the transport of radioactive aerosols from the premises of the
‘‘Shelter’’ that houses the remaining nuclear fuel and its fission products has
been a subject that has attracted the attention of scientists and specialists of the
Radiation Safety Service for many years. The first studies of air flows in the reactor
cavity using helium labeling were performed in 1988–1989 by researchers of the
V.G. Khlopin Radium Institute. The results showed that air flows often change
their direction and speed. In 1990, the work was continued, using not only helium
but also molecular tritium, 14C (as a part of methane), and 85Kr. After that, about
30 points were selected, where the temperature, relative humidity, speed, and
direction of air flows are measured every week.

The release of radioactive aerosols from the ‘‘Shelter’’ occurs not only through
the ‘‘Bypass’’ to the VP-2 pipe, but also through numerous cracks in the external
constructions. Their total area in the late 1980s was estimated at 1200 m2. Later
on, after repair and stabilization work, most cracks were stopped up. By the end of
the 1990s, the area of holes had been stabilized at a level of 120 m2. Air gets into
the ‘‘Shelter’’ and leaves it through cracks. Much depends on the air temperature
and pressure, the wind direction and velocity in the environment, the season,
and a number of other factors. Observations showed that air flows in cracks are
unstable. The measuring equipment should be placed in all the main openings for
exact measurements of the carryover of radioactive aerosols. However, this is not
feasible. Besides, the complex radiation situation impedes their maintenance.

6.3.3
Well-Boring in Search of Remaining Nuclear Fuel

Examination of the central part of the ‘‘Shelter’’ with well-bores began in 1988. The
main task was to seek the remaining nuclear fuel. About 40 horizontal and inclined
wells, usually with a diameter of 172 mm, were examined during three years. The
length of some of them amounted to 20 m.
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Though boring was accompanied by washing, the pollution level of the air
medium in the working and auxiliary premises was rather high. Besides dust
escaping at drifting of concrete walls and floors, sometimes disintegrated material
was spilled onto the floor because of inaccurate extraction of the core and the
boring tool. About 1000 people were carrying out boring at the most intensive
stage. Dust control using localizing and accumulating solutions was performed to
reduce aerosol pollution of the air.

The results of measuring the samples collected in August 1988 in rooms 207/5
and 427/2 serve as an example of the sharp increase in the concentration of radioac-
tive aerosols at boring. When the borers were switched off, the concentrations of
alpha-emitting aerosols in these rooms were 0.037 and 0.081 Bq/m3, respectively.
In the process of boring, the pollution level increased to 0.55 and 1.92 Bq/m3, that
is, by 15–20 times. At the same time, in the turbine island of the third unit, which
is not connected with the ‘‘Shelter,’’ the concentration was 0.0022 Bq/m3.

Systematic aerosol sampling in the above rooms during the work conducted in
1988–1991 (Figure 6.15) provided important information. When the borers were
switched off, the concentrations of the mixture of alpha-emitting aerosols were
usually at the level of 0.03 Bq/m3. On resuming the boring process, the amount
of radioactive substances in the air sharply increased by one or two orders of
magnitude. In some cases, the concentrations increased by three or even four
orders of magnitude. In room 427/2, a concentration peak of 150 Bq/m3 was
recorded on 22 November 1988. Something like that occurred three years later,
on 10 October 1991 in room 207/5, when the concentration increased rapidly to
90 Bq/m3, and on the next day decreased by three orders of magnitude.

Summarized results of average annual concentrations of aerosols of
alpha-emitting nuclides in 1989–1991 in seven main premises where boring was
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Figure 6.15 Concentration of aerosols containing
alpha-emitting nuclides during well-boring activities.
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Table 6.1 Average annual concentration of long-lived
alpha-emitting aerosols in various areas of the ‘‘Shelter’’
(Bq/m3) in 1989–1991.

Room number 1989 1990 1991 (first half )

207/4 0.53 0.35 0.093
207/5 0.32 0.36 0.11
208/10 0.32 – 0.15
318 0.74 0.21 0.1
427/2 0.92 0.15 0.093
515 0.20 0.26 0.067
605 0.21 – –

performed are presented in Table 6.1. As noted in [65], only the days when active
boring was going on were taken into account in the calculations. Figure 6.15
shows that the bursts of aerosol concentrations were not very long. However, they
influenced average daily and even average annual values.

In May 1989, on completion of boring, it was necessary to remove a metal
platform in room 208/10. By this time, a large amount of dust had accumulated
on the floor, the walls, and the equipment. That is why aerosols rising in the air
during metal cutting were supplemented with dust that appeared as a result of the
movement of people and use of instruments. The dynamics of the concentrations
of alpha-emitting aerosols are shown in Figure 6.16, from which it can be seen
that the start of work was accompanied by a sharp increase in the concentration
of radioactive aerosols in the air. On the first and second days of the work, the
concentrations increased by two orders of magnitude from the background level of
about 0.1 Bq/m3. However, already 1 h after the completion of the work, air pollution
considerably decreased, and within 8 h it practically reverted to the initial value.

After the central part of the ‘‘Shelter’’ including the reactor cavity had been
examined using the wells, some wells were plugged and diagnostic equipment was
placed in the others. On completion of intensive boring in 1992, the concentration
of radioactive aerosols in decontaminated premises of the ‘‘Shelter’’ went on
decreasing and in three years did not exceed 0.08 Bq/m3 for alpha-emitting and
37 Bq/m3 for beta-emitting substances.

6.3.4
Clearance of the Turbine Island of the Fourth Power Generating Unit

In the fall of 1988, the clearance of the turbine island of reactor 4 was started; in the
process of construction of the ‘‘Shelter’’ it was separated from the turbine island
of the third unit with a metal wall. Among operations with intense dust formation,
we can distinguish removal of the roof accompanied by falling of building material
fragments and clearance of the island by a ladle robot. The aerosol concentration
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Figure 6.16 Concentration of aerosols containing
alpha-emitting nuclides during metal-cutting activities
in room 208/10 in the ‘‘Shelter’’ in May 1989.

in the air sometimes changed sharply within a short time. From 30 April to 25
May, operative control of aerosol concentration with simultaneous measurement
of radioactivity of individual fractions was performed by specialists from the
A.A. Bochvar All-Union Institute of Inorganic Materials [66]. A system consisting
of a laser aerosol spectrometer (for optical determination of the size distribution
of aerosols) and an impactor (to measure both the dispersity and radionuclide
composition of individual fractions) was created. The results of observations showed
that after carrying out the work the total aerosol concentration was increased from
3.6 × 104 to 20 × 104 particles per liter. Up to 70 particles per liter with the diameter
of more than 7 µm appeared in the air, while there had been practically no such
particles before the work started. On the completion of the work, the concentration
of large aerosols (diameter of 1–10 µm) quickly (in about an hour) decreased by
5–10 times. The concentration of submicrometer particles (diameter less than
1 µm) decreased much more slowly – by two times within 2–3 h.

Dust control and treatment of surfaces with decontaminating solutions were
performed to improve the aerosol and radiation situation in the turbine island.
After that, the reduction of the number of particles larger than 5 µm and an increase
in the concentration of fine aerosols up to 2 × 105 particles per liter were observed.

6.3.5
Strengthening of the Seats of Beams on the Roof of the ‘‘Shelter’’

In the fall of 1999, the bases under the beams B1/B2 were strengthened at the
western wall of reactor 4 to prevent the collapse of the roof of the ‘‘Shelter.’’ These
beams consist of double-T iron constructions B1 and B2; they are 3.2 m high and
about 40 m long. On the beams, there is a roll of 27 tubes with 2 m diameter serving
as the floor above the ruins of the central hall [67].

The specialists of the ‘‘Shelter’’ were controlling radiation, including the aerosol
situation, on carrying out stabilizing work. Aerosols samples were collected during
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the work on AFA RSP-20 filters with ‘‘Typhoon’’ portable blowers at two monitoring
points (MP1 and MP2). Measurements of alpha- and beta-emitting nuclides were
performed with a radiometer; the concentration of 137Cs was calculated based on
the results of gamma-spectrometry of samples.

In October to December 1999, preparatory operations were performed: cabling,
lighting equipment assembly, transport and installation of welding equipment, and
fastening of lead sheets to reduce irradiation of personnel. In addition, metal cutting
and welding, clearing and slotting of concrete constructions with a perforator, and
underpouring were carried out. Naturally, all the works were accompanied by dust
rise and aerosol generation.

In the month and a half from 27 October to 13 December 1999, the unique
data presented in Figure 6.17 were obtained regarding control of the radiation
situation. The highest concentrations of 137Cs (above 1000 Bq/m3) were recorded
during welding. For samples obtained near the bases of beams B1/B2, the aerosol
composition depended on at least three factors: dust generation during working
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Figure 6.17 Concentration of radioactive aerosols carrying
alpha- and beta-emitting nuclides, 137Cs at two locations
(MP1 and MP2) of the ‘‘Shelter’’ in 1999. Types of work
are shown along the x-axis: 1, preparation; 2, mounting of
welding equipment; 3, covering by lead sheets; 4, welding;
5, metal cutting; 6, hammering; and 7, mounting lights.
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operation, air intake from the central hall of the ‘‘Shelter,’’ and air inflow from the
free air. Naturally, under these conditions the ratios of radionuclides, in particular,
137Cs and alpha-emitting nuclides, significantly changed, which can be seen in
Figure 6.17. The aerosol situation during the work directly or indirectly also
influenced other premises of the ‘‘Shelter.’’

6.3.6
Aerosols Generated during Fires in the ‘‘Shelter’’

Seven fires occurred on completion of the acute phase of the Chernobyl accident
at the former reactor 4. The most dangerous ones were at the end of May 1986 in
rooms 402/3 and 403/3, and in January 1993 in room 805/3 [68, 69]. Ignition in
room 805/3 (2880 m3 – air-duct of exhaust ventilation) caused complete burning
of 1 m3 of sleepers and 20 m of cables (the mass of burned material was 3500 kg).
The average rate of flame spread over the cable surface was 0.5 m/min. The
temperature in the fire zone exceeded 800 ◦C. Toxic and poisonous combustion
products were released into the ambient air of the ‘‘Shelter.’’

The release of radioactive smoke from the ‘‘Shelter’’ occurred both through
cracks in external constructions and through the pipe VP-2. The results of
gamma-spectrometry on the collecting filter working in the system for control of
air passing through ‘‘Bypass’’ showed that there was a sharp increase of radioactive
aerosol concentration on 14 January (Figure 6.18). While on the preceding and
subsequent days of January the daily release of the mixture of gamma-emitting
nuclides varied in the range of 0.37–3.7 MBq/day, on the day of the fire it increased
up to 33 MBq/day. As the air flow in the ‘‘Bypass’’ made up 25 × 103 m3/h, the
average daily concentration was 55 Bq/m3. To calculate the average concentration
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Figure 6.18 Daily emission of gamma-emitting aerosols for
the ‘‘Shelter’’ in January 1993 (the fire event occurred on 14
January).
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for the actual time of the fire, which lasted for about 6 h, this value should be
increased by four times, that is, to 220 Bq/m3. This is two orders of magnitude
larger than the concentration of aerosols released on ordinary days.

The danger of fire from the point of view of the formation and carryover of
radioactive products is also associated with the appearance of powerful convection
currents. The motions of air masses that exceed the routine flows in their intensity
and direction can emerge inside the ‘‘Shelter.’’ In addition, high temperatures can
cause crumbling of different materials and the formation of erosive aerosols.

6.3.7
Dust Control System

The reduction of dust rise has always been a primary task when carrying out
technological and research works in and around the ‘‘Shelter.’’ A complex series of
activities involving the application of special polymeric materials on the building
constructions and equipment was started after the commissioning of the ‘‘Shelter’’
to fix radioactive substances onto the surfaces. At first, manual sprayers were
used for this purpose. The efficiency of the localizing action of the coverings was
evaluated by taking smears from representative samples before and after film
application. The determined activity decreased by 2–3 orders of magnitude.

A stationary dust control system intended for the application of coverings directly
on the surface of the ruins in the former central hall of reactor 4 was created
at the end of 1989. The materials were sprayed using 14 injectors inserted into
the airspace above the ruins of the reactor building through roof hatches of the
‘‘Shelter.’’ However, spraying through the roof hatches only allowed less than a
half of the roof space to be treated [70]. To increase the sprayed area, 35 additional
injectors were installed in 2003. The aerosol concentration in the space of the
former central hall increased more than once on testing the new system. This
was caused by the fact that, before getting into the injectors, the solution forced
air out of the collectors. Reaching the dry surface of the ruins, the compressed
gas flows raised dust. The first drops hitting the surface and breaking into pieces
also caused an inertial rise of dust particles. In 2004–2005, an 80–100 µm thick
polymeric film was created on the surface of the ruins of the reactor building [70].
This considerably reduced the dust rise at the time of spraying solutions through
injectors [71]. The system was put into commission in 2006. In accordance with
the regulations, the film is replaced once a year.

6.3.8
Control of the Release of Radioactive Aerosols through the ‘‘Bypass’’ System

After the commissioning of the ‘‘Shelter’’ in November 1986, the specialists of the
ChNPP Radiation Safety Service began to carry out scheduled observations of the
release of radioactive aerosols from it using the ‘‘Bypass.’’ Aerosols were collected
through 35 m pipes with the diameter of 15 mm onto LFS-2 filter tape located
in the ‘‘Kalina’’ radiometer, and on AFA RMP-20 or AFA RSP-20 filters. The
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Figure 6.19 Mounting of the aerosol
sampling pump in the ‘‘Bypass.’’

imperfections in this system are discussed in [72]. It was shown that, depending
on the dispersity of aerosols getting into the ‘‘Bypass,’’ the concentrations can be
reduced down to 100%, especially for particles larger than 3 µm.

To get rid of uncertainties associated with aerosol deposition in the tubes, it
was decided to perform aerosol sampling with a blower located immediately in the
‘‘Bypass’’ air flow (Figure 6.19). The specialists of the Institute for Safety Problems
of NPP started such control in 2002. The blower with a pack of three-layer Petryanov
filters sucked 10–12 m3 of air within 2 h at a rate of about 0.8 m/s. On completion
of the session, each filter layer was measured on radiometers, and the radionuclide
composition, concentration, and dispersity of aerosols were determined. To provide
isokineticity of aerosol sampling, a conical nozzle directed toward the flow was
attached before the filter pack.

In 2002–2008, about 300 aerosol samples were collected in the ‘‘Bypass.’’
Figure 6.20 presents data on the activity concentration of the mixture of
beta-emitting nuclide products of the accident (

∑
β) from September 2003 to

December 2004. As follows from Figure 6.20, the
∑

β values were mainly in the
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Figure 6.20 Concentration of radioactive aerosol contain-
ing a mixture of beta-emitting nuclides measured from
September 2003 to December 2004 in the ‘‘Bypass’’ of the
‘‘Shelter.’’
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range of 1–10 Bq/m3. About 30% of the activity was due to 137Cs. The highest
concentrations were conditioned by strong winds. For instance, on 8 December
2003 when

∑
β = 165 Bq/m3, the gusts amounted to 12–13 m/s. In four months,

on 5 April 2004,
∑

β = 110 Bq/m3 was recorded. This was preceded by three days
(1–3 April) with gusts of 10–11 m/s and one day (4 April) with the gusts of 8 m/s.

A considerable increase in the concentration of radioactive aerosol occurred after
intensive technological activities within the premises of the ‘‘Shelter,’’ for example,
as noted above, at spraying of polymeric solutions through injectors located under
the light roof of the ‘‘Shelter.’’ For instance, on 11 February 2004, immediately on
completion of the injectors’ work, the average

∑
β within 2 h of sampling came

to 164 Bq/m3. Similar data were obtained during the subsequent years both at
switching on injectors and for other works. For example, in September 2005 and
in February 2006 on carrying out stabilizing measures in the southern part of the
‘‘Shelter,’’ including the welding and slotting works, not only were

∑
β values

amounting to 500–1000 Bq/m3 observed but also aerosols with unusual staining
(black and red).

Figure 6.21 presents
∑

β values for 2008 when the technological activities
conducted in the premises of the ‘‘Shelter’’ were insignificant, most of the stabi-
lizing works having been completed in 2006–2007. The comparison of the data
in Figures 6.20 and 6.21 shows that the

∑
β values again were mainly within the

range of 1–10 Bq/m3:
∑

β exceeded 10 Bq/m3 in only nine out of 72 samples
collected in 2008. A strong wind was observed in the environment in all these
cases either during sampling or a few hours before it. For instance, the largest
value of

∑
β = 100 Bq/m3 was recorded on 8 April when, according to the data of

the ‘‘Chernobyl’’ weather station, the gusts amounted to 14 m/s. Half a year later
(22 September), after gusts of 10 m/s,

∑
β made up 34 Bq/m3.

The effect of the wind on the aerosol situation inside the ‘‘Shelter’’ is one of
the properties of this construction. It is conditioned by the presence of cracks
and operational openings in its external construction. The effect of meteorological
conditions on aerosol behavior in the ‘‘Shelter’’ is discussed in more detail in [73].
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Figure 6.21 Concentration of radioactive aerosol containing
a mixture of beta-emitting nuclides measured in 2008 in the
‘‘Bypass’’ of the ‘‘Shelter.’’ The results were obtained for the
time intervals when no technological procedures were being
performed.
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Figure 6.22 Size of radioactive aerosols
measured in 2003–2004 in the ‘‘Bypass’’ of
the ‘‘Shelter.’’ Key: beta-emitting aerosols
aerosolized naturally by the wind (full cir-
cles) and during dust suppression activities

(open circles); and DPs of radon and thoron
containing aerosols aerosolized naturally by
the wind (open triangles) and during dust
suppression activities (open squares); AMAD
larger than 8 µm (up-arrows).

In particular, it is noted that, in low winds and fog, the concentrations of aerosol
products of the Chernobyl accident are usually low.

Processing of the results of measurements of the ‘‘Bypass’’ samples showed
that aerosol carriers of radionuclide products of the Chernobyl accident usually
had AMAD within the range of 1–10 µm at σ values from 1.1 to 3.5. Data for
2003–2004 are presented in Figure 6.22. For 80 selected samples, the average
value was AMAD = 3.8 µm, and 67% of the samples had AMAD from 1.7 to
8.5 µm. Similar data were obtained in 2005–2008. From this it follows that
carriers of radionuclides of Chernobyl genesis usually have a dispersion origin. No
fractionation of radionuclides (90Sr, 137Cs, and 241Am) by particles of different sizes
was observed.

6.3.9
Radon, Thoron and their Daughter Products in the ‘‘Shelter’’

The DPs of radon (222Rn) and thoron (220Rn) take a special place among the
radioactive aerosols that are present in the ‘‘Shelter.’’ They influence the radiation
situation in the ‘‘Shelter’’ and the detection of radioactive aerosols of Chernobyl
genesis. The two gases emanate from concrete constructions of both the former
reactor 4 and new elements of the ‘‘Shelter’’ (the cascade and separating walls,
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materials thrown onto the reactor from helicopters, and so on) containing the
natural radionuclides 226Ra and 232Th. Radon and thoron also come from the
soil (mainly sand) in which the foundations and lower levels of the ChNPP
are embedded. A certain amount of thoron can appear from the irradiated fuel
remaining in the ruins of reactor 4 as a result of the decay of 232U formed during
two years of reactor functioning before the accident. A chain of three successive
alpha-decays of 232U results in the appearance of thoron-generating 216Po and 212Pb.
As the half-life of 232U is 72 years, thoron will be generated from it for a long time.

If air containing radon and thoron is inhaled, their DPs present the greatest
danger. First, some of them emit alpha-particles. Second, being on submicrometer
aerosols, they penetrate into the lower sections of lungs, the bronchi and alveoli.

For radioactive aerosol monitoring in the ‘‘Shelter,’’ the DPs of radon and thoron
are an interfering factor, because they complicate the radiometry of the samples.
In 1987, this was noted by the specialists of the All-Union Instrument-Making
Institute on the creation of the system for radiation control and diagnostics at the
‘‘Shelter’’ [74]. According to their data, the activity concentration of aerosols of DPs
of natural radioactive gases in controlled premises on average made up 150 Bq/m3.
That is why, in determining the concentration of aerosol products of the Chernobyl
accident, filters with collected samples should be kept for about 6 h so that the con-
tent of radon DPs has decreased by approximately 1000 times and for about 4 days
for the same decrease in the amount of thoron DPs. However, there is also a positive
thing: radon and thoron DPs present an original label of submicrometer aerosols.
They can be used, for example, to evaluate the efficiency of work FPs and respirators.

For the first time, long-term observations of radon and thoron DPs were
conducted in the ‘‘Shelter’’ in December 2000 [75]. Systematic samplings from
the ventilation flow coming to the ‘‘Bypass’’ were started in 2002. Radon and
thoron DPs were entrapped simultaneously with aerosol products of the Chernobyl
accident in a pack of three-layer Petryanov filters. The activity concentrations of
212Pb in 2002–2008 were within the range of 0.5–9 Bq/m3 (see Figure 6.23).
This is 50–100 times higher than estimates obtained in simultaneous samplings
performed according to the same technique in March–May 2007 in the vicinity of
the ‘‘Shelter’’ [76]. Thus, the thoron source was inside the ‘‘Shelter.’’ Consequently,
212Pb was also generated inside the ‘‘Shelter’’ and did not come from outside with

0.1

1

10

2002 2003 2004 2005 2006 2007

R
ad

io
ac

tiv
ity

 (
B

q
/m

3 )

Figure 6.23 Concentration of ra-
dioactive aerosol containing 212Pb in
the ‘‘Bypass’’ of the ‘‘Shelter.’’
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external air. This is confirmed by the data obtained in February–March 2008 in
rooms 207/4 and 318/2 of the ‘‘Shelter’’ by the employees of the Department
of Radiation Technologies, Materials Science and Environmental Research of the
Institute for Safety Problems of NPP. They revealed that 212Pb concentrations made
up about 2 Bq/m3 [77].

Aerosol particles with AMAD of 0.05–0.4 µm (see Figure 6.22) are carriers of
radon and thoron DPs both in the ‘‘Bypass’’ and in the ‘‘Shelter’’ [62, 76]. In
accordance with Figure 6.22, the average value is AMAD = 0.15 µm, which is
typical of carriers of radon and thoron DPs in other regions both outdoors and
indoors [78]. This is associated with the fact that carriers of radon and thoron DPs
usually have a condensation origin.

The studies in some parts of the ‘‘Shelter’’ showed that radon and thoron DPs,
like the parent substances themselves, can accumulate when there is no longer an
air draft through the ‘‘Bypass.’’ This usually occurs in the second half of spring
when in the day time the air temperature in the vicinity of the ChNPP amounts
to 30 ◦C, and non-heated premises inside the ‘‘Shelter’’ still remain cold after
winter. Such situations were recorded in room 207/5 during the last 10 days of May
2003 and on 23–24 May 2007. In the first case, 212Pb concentration amounted to
15 Bq/m3, and in the second to 12–13 Bq/m3 [76].

The detection of radon concentration exceeding 100 Bq/m3 and thoron concen-
tration higher than 6 Bq/m3 in premises of the ‘‘Shelter’’ is a negative factor, which
has not been taken into account previously in monitoring the radiation situation.
Owing to inhalation of aerosol carriers of the DPs of these noble gases, the average
annual radiation dose for the personnel of the ‘‘Shelter’’ can amount to tens of
percent of the maximal equivalent dose of 20 mSv/year.
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7
Applications of Optical Methods for Micrometer and
Submicrometer Particle Measurements
Aladár Czitrovszky

In memory of my father – Dr. Aladár Czitrovszky (physician)

7.1
Introduction

It was 1914 when Richard Zsigmondy (winner of Nobel Prize in 1925) developed
an instrument for observation of the light scattered by small particles – the
ultramicroscope (see Figure 7.1) [1]. Since then, the study and application of this
instrument have become important in colloid chemistry, hydrosols, toxicology, and
so on where micrometer and submicrometer particles play a substantial role. A
number of other scientists in the middle of the twentieth century (see the next
paragraph), working in optics and optical engineering, also directly or indirectly
influenced the field of particle measurements and created something enduring for
this science.

This knowledge gained in the optical investigation of aerosols and optical
engineering, firmly rooted in the past, was developed intensively in the last few
decades. The study of light scattering and its applications – the development of light
scattering, extinction, and other optical measurement methods, and instrumentation,
which was accelerated especially after the development of the laser by Charles
Townes, Alexander Prochorov, and Nikolay Basov (winners of the Nobel Prize in
1964) – is now the field of activity of hundreds of research centers worldwide.

The common feature of these methods is the possibility to perform non-contact,
real-time, mainly in situ, measurements with a short sampling time and high
accuracy. As the medium holding the information is the light itself, in most cases
the sampling can be done at a distance from the sample. The next advantage
of optical methods is the possibility to determine simultaneously a number of
different parameters – concentration, size distribution, complex refractive index
(real and imaginary part), density, and so on.

The aims of this chapter are (i) to give a short overview of existing light scattering
methods and theories, (ii) to review the state of the art of their application to particle
measurements in the micrometer and submicrometer range, (iii) to demonstrate

Aerosols – Science and Technology. Edited by Igor Agranovski
Copyright  2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32660-0
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Figure 7.1 The ultramicroscope of Richard Zsigmondy and
the dark-field image. From Zsigmondy and Bachmann [1].

some examples of the development of particle measurement instrumentation,
emphasizing the development of new airborne particle counters and sizers, and
new methods for the determination of their optical properties, electrical charge,
density, and so on, (iv) to give a brief comparison of different instruments, and
(v) to present a short analysis of possible further applications.

After outlining the history of light scattering and introducing the background of
two light scattering theories in the next two sections, we present the classification
of the optical instruments for particle measurements. After that, the development
of airborne and liquid-borne particle counters and sizers are described. The next
section contains new methods used to characterize the electrical charge, density,
and complex refractive index of aerosol particles. The operational principle and
novelties of the instruments are briefly described, as well as their advantages
and limitations. Further, finally, we compare the technical parameters of several
commercially available instruments with newly developed ones and analyze their
further applications.

We hope that this chapter will help to better understand the optical methods
applied for the characterization of aerosols.

7.2
Optical Methods in Particle Measurements

Light is scattered because there is a perturbation of the refractive index, �ni, in the
particular medium through which the light is traveling. Such perturbation may
be caused by, for example: isobaric fluctuation; adiabatic fluctuation, produced by
pressure, which propagates via an elastic wave (for example, an acoustic wave);
fluctuation of anisotropy; fluctuation of concentration; and change of refractive
index caused by particles suspended in the air or liquid having optical properties
different from those of the surrounding medium. Therefore, if a light beam is
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passing through such an airborne or liquid-borne suspension, it will be scattered
in all directions. When studying the light scattered by particles suspended in air
or in a pure transparent liquid, all these kinds of �ni caused by fluctuation of the
molecules – except the last one corresponding to suspended particles – can usually
be neglected. This type of light scattering was first observed by Arago [2] and Govi
[3], and experimentally investigated by Tyndall [4] for particles smaller than the
wavelength of the incident white light.

Tyndall discovered that the scattered light has a bluish coloration, while the
transmitted light has a red coloration, and observed the polarization of the light
scattered at 90◦. The light scattering intensity and its angular dependence (light
scattering indicatrix) can be determined by the optical parameters of the medium
and by the optical and geometrical parameters of the particles. The first light
scattering theory was described by Rayleigh between 1871 and 1899, which until
now has been found to be applicable for particles that are small with respect to the
wavelength (diameter d < 0.05 µm for λ = 0.5 µm) [5–8]. For these particles the
Rayleigh scattering law predicts that the total scattering is proportional to d6 and
inversely proportional to λ4.

When the dimensions of the scattering particles are comparable to the wave-
length, the analysis of Mie scattering theory is required. Mie developed his more
complicated light scattering theory in 1908 [9]. In this theory, the scattering efficiency
exhibits rapid fluctuation with wavelength. The scattering, extinction, and absorp-
tion efficiencies are defined, respectively, as the ratio of the scattering, extinction,
and absorption cross-sections to the geometric cross-sectional area. When the scat-
tering particles are much larger than the wavelength, the scattering cross-section
becomes independent of wavelength and equal to twice the cross-sectional area
of the particles. The dependence upon particle diameter becomes weaker with
increasing particle diameter: for 0.3 µm < d < 0.6 µm, the scattering is propor-
tional to d2. The scattered radiation in Mie theory is polarization dependent and
the normalized amplitudes of the flux scattered through a certain angle can be
described by two factors that depend on the optical and geometrical properties of
the particle differing from the optical properties of the surrounding medium and
on the angular dependence of the scattered amplitude [9].

More complicated light scattering theories, taking into account also the shape
factor, homogeneity, and other parameters of the particles, were developed much
later by van de Hulst, Kerker, Hodkinson, and others [10–13]. Light scattering
corresponding to the centers that are caused by fluctuations of the molecules
was intensively developed after establishing the thermodynamic theory of the
fluctuations by Smoluchowski [14] and Einstein [15] between 1905 and 1908. The
molecular light scattering was developed on the basis of the theory of the fluctuations
by Cabannes [16], Strutt (the son of Lord Rayleigh) [17], and Wood [18]. Based
on the theory of molecular scattering, the molecular-weight and size distributions
of polymers, electrolytic solutions, and so on were determined by Putzeys and
Brosteaux [19] and Debye [20], and phase transitions were studied by Ginzburg [21].

Until now we have supposed that the perturbations of the refractive index,
�ni, caused by fluctuations of the molecules are frozen in space. In real cases
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these perturbations are permanently moving, which changes the spectrum of the
scattered light. This phenomenon was first observed by Brillouin [22]. He observed
that in the spectrum of monochromatic Rayleigh-scattered light there also exist two
additional lines [22]. This phenomenon – named elastic scattering – was observed
also by Mandelstam [23], and later by Raman [24], Landsberg [25], Cabannes
[26–28], and Fabelinski [29–31].

Mie scattering theory can be used in particle measurements for the determination
of particle size and concentration, which is described in [32–48]. Based on previous
light scattering experiments [49–51], the development of airborne particle counters
and sizers started in the middle of the twentieth century and accelerated in the
1960s after the invention of lasers. The particle size distribution in single-particle
counters is determined by comparing the detected pulse heights of the optical
signals that correspond to the single-particle flow through a small illuminated
zone with a standard calibration curve obtained from a set of uniform particles of
known diameter. The density of the particles can be calculated from the equations of
motion in the case of accelerating particles. The electrical charge can be measured by
analyzing the trajectory of particles moving in an electric field. The refractive index
can be determined from forward- and back-scattering at different wavelengths.
The velocity of the particles can be measured using laser Doppler methods. These
methods are summarized in Figure 7.2 and described in the following sections.

7.3
Short Overview of Light Scattering Theories

Light scattering can be described as an interaction of light with matter, which leads
to a change in the direction, intensity, sometimes the polarization, and – in the
case of non-elastic scattering – the length of the incident light wave. The incident
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light interacting with an optical heterogeneity center of the medium – a local
change of refractive index (for example, due to particles) – is deflected from its
incident direction, so scattering occurs as an effect of heterogeneity in the optical
properties of the medium. Scattering is usually accompanied by absorption, which
leads to the attenuation of the light energy propagating in the initial direction and
transformation to some other form of energy. As described in the previous section,
many authors have studied theoretically and experimentally the phenomena of light
scattering and absorption during the interaction of light with various media, so for
a detailed description the interested reader can consult the previously mentioned
references. In this section we present two basic approaches: (i) for single particles
(spheres) much smaller than the wavelength of the incident light, and (ii) for
particles comparable to or bigger than the wavelength of the incident light. As the
relations between the scattering intensity and the properties of the particles in these
two cases are different, the scattering coefficient βp can be described by the sum

βp = βM + βR (7.1)

where βM corresponds to the particles comparable to or bigger than the wavelength
of the incident light (Mie scattering), and βR corresponds to the particles smaller
than the wavelength of the incident light (Rayleigh scattering). Both components
depend on the optical and geometrical parameters of the particles, scattering
angle, concentration, and wavelength of the incident light.

For small spherical particles (a < λ), when the incident light is linearly polarized
and the concentration of the particles is not too high (multiple scattering can be
neglected) – in the case of Rayleigh scattering – the scattering coefficient will be [36]

βR = 8π4a6N

λ4

n2 − 1

n2 + 1

(
1 + cos2 �

)
(7.2)

where λ is the wavelength of the light, a is the radius, N the concentration and
n the refractive index of the particle, and � is the scattering angle. As we can
see, in this case the scattering intensity is proportional to the sixth power of
the radius of the particle and inversely proportional to the fourth power of the
wavelength. Molecular light scattering in the atmosphere (arising from optical
inhomogeneity caused by the fluctuation of the refractive index due to stochastic
motion of the molecules) can also be described by this type of scattering, where
the shorter wavelengths are scattered much more strongly (explaining the blue
color of the sky). The calculations show that βR depends on the wavelength: in the
range 0.6 < λ < 1.0 µm, βR varies by one order of magnitude; and in the range
1.0 < λ < 10 µm, by nearly four orders of magnitude.

When the size of the particles is neither very large nor very small compared to
the wavelength of light, Mie scattering theory must be used to obtain an accurate
prediction of the scattering. This theory represents an exact solution of Maxwell’s
equation for scattering spheres with complex refractive index. We present here only
the main consideration and final result of this theory – the complete derivation
can be found in the monograph of van de Hulst [10]. In the case of Mie scattering
the scattered light is polarization dependent and we denote by S1(�) and S2(�)
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the normalized amplitudes of the flux scattered through angle �; the subscripts
1 and 2 refer to flux polarized normal to and parallel to the scattering plane,
respectively. The normalization is made relative to the amplitude incident on the
particle (sphere) cross-section.

According to Mie scattering theory

S1 (θ) =
∞∑

m=1

2m + 1

m (m + 1)
[amπm (cos θ) + bmτm (cos θ)]

S2 (θ) =
∞∑

m=1

2m + 1

m (m + 1)
[bmπm (cos θ) + amτm (cos θ)] (7.3)

where

πm (cos θ) = 1
sin θ

P1
m (cos θ)

τm (cos θ) = d

d θ
P1

m (cos θ)

P1
m is an associated Legendre polynomial, and the coefficients am and bm are given

by

am = ψ ′
m(n̂x)ψm(x) − n̂ψm(n̂x)ψ ′

m(x)

ψ ′
m(n̂x)ξm(x) − n̂ψm(n̂x)ξ ′

m(x)

bm = n̂ψ ′
m(n̂x)ψm(x) − ψm(n̂x)ψ ′

m(x)

n̂ψ ′
m(n̂x)ξm(x) − ψm(n̂x)ξ ′

m(x)
(7.4)

where

ψm (x) =
√

πx/2 Jm+1/2 (x) ,

ξm (x) =
√

πx/2
[
Jm+1/2 (x) + (−1)m iJ−m−1/2 (x)

]

x = ka = 2πa

λ

In these equations, am and bm are coefficients characterizing the geometrical
and optical parameters of the scattering particle, πm and τm describe the angular
dependence of the scattered light, ξm and ψm are Riccati–Bessel functions, Jm are
Bessel functions, a is the radius of the sphere (particle), and x is the size parameter–
the ratio of the sphere circumference to the wavelength. As we can see, in this
case the scattering coefficient consists of two components – one is connected with
the geometrical and optical parameters of the particles, and the other describes the
angular distribution of the scattered light (see Figure 7.3).

In the case of a polydisperse mixture of particles, the scattering on bigger particles
(Mie scattering) is dominant. In this case, the dependence on the wavelength is not
as strong as in the case of smaller particles.

As can be seen from the Mie scattering theory, the scattered intensity also depends
on the complex refractive index. This dependence is especially important in optical
measurement methods of aerosols such as optical particle sizing, because usually
we try to determine the size distribution of a mixture containing particles with
different refractive index. The intensity dependence is shown in Figure 7.4, for
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unpolarized light in the case of 1 µm particles. In both the previous theories we
suppose that the particles are frozen in the medium in which they are located.

If the incident light is coherent and monochromatic (for example, a laser beam),
with an appropriate detector working in photon counting regime, it is possible
to observe time-dependent fluctuations in the scattered intensity (dynamic light
scattering). The fluctuations arise from the fact that the particles are small enough to
undergo random thermal motion (Brownian motion) and the distance between them
is therefore permanently varying. Constructive and destructive interference of light
scattered by neighboring particles gives rise to the intensity fluctuation at the detector,
which, as it arises from particle motion, contains information about this motion.
Analysis of the time dependence of the intensity fluctuation can therefore yield the
diffusion coefficient of the particles, from which, via the Stokes–Einstein equation,
knowing the viscosity of the medium, the hydrodynamic radius or diameter of the
particles can be calculated. With Fabelinski, we measured such time dependence of
the intensity fluctuation using photon correlation techniques and special low-noise
photon counting photomultipliers [49, 44, 51]. Using this equipment we measured
the intensity autocorrelation function, which can be described as the ensemble
average of the product of the signal with a delayed version of itself as a function
of the delay time. The signal in this case is the number of photons counted
in one sampling interval. At short delay times, correlation is high, and, over
time, as particles diffuse, the correlation diminishes to zero, and the exponential
decay of the correlation function is characteristic of the diffusion coefficient of
the particles. Data are typically collected over a delay range of 100 ns to several
seconds, depending upon the particle size and viscosity of the medium. Analysis
of the autocorrelation function in terms of particle size distribution is done by
numerically fitting the data with calculations based on assumed distributions. A
truly monodisperse sample would give rise to a single-exponential decay, to which
fitting a calculated particle size distribution is relatively straightforward. In practice,
polydisperse samples give rise to a series of exponentials, and several quite complex
schemes have been devised for the fitting process. One of the methods most widely
used today is known as non-negatively constrained least squares (NNLS). Several
correlator software programs – for example, the Brookhaven correlator software –
include this along with several other approaches to the problem.

Particle size distributions can be calculated either by assuming some standard
form such as log-normal or without any such assumption. In the latter case, it
becomes possible, within certain limitations, to characterize multimodal or skewed
distributions. The size range for which dynamic light scattering is appropriate
is typically submicrometer, with some capability to deal with particles up to a
few micrometers in diameter. The lower limit of particle size depends on the
scattering properties of the particles concerned (relative refractive index of particle
and medium), the incident light intensity (laser power and wavelength), and the
detector–optics configuration.

Dynamic light scattering – also known as quasi-elastic light scattering (QELS)
and photon correlation spectroscopy (PCS) – is particularly suited to determining
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small changes in mean diameter such as those due to adsorbed layers on the
particle surface or slight variations in manufacturing processes.

7.4
Classification of Optical Instruments for Particle Measurements

Optical particle measuring instruments may be further divided according to
whether the sensing zone contains one particle or numerous particles at a given
time. Multi-particle instruments will be considered first, then single-particle light
scattering direct-readout instruments.

7.4.1
Multi-Particle Instruments

Light scattering photometers are multi-particle sensing zone instruments, in which
light scattered from particles in the sensing zone falls on a detector off the optical
axis. As the number of particles increases, the light reaching the detector increases.
The angular pattern of scattering from a sphere is a complicated function of particle
diameter, refractive index, and wavelength. Forward-scattering photometers, which
employ a laser light source and optics similar to dark-field microscopy, have been
commercially produced. A narrow cone of light converges on the aerosol cloud, but
it is prevented from falling directly on the photodetector by a dark stop; only light
scattered in the near forward direction falls on the detector. The readout of these
instruments is in mass or number concentration, but the calibration may change
with the composition and size distribution of the particles to be measured [52].

In integrating nephelometers the particles are illuminated in a long sensing volume
and scattered light reaches the detector at angle from about 8 to 170◦ off-axis. This
simplifies the complex angular scattering relationship by summing the scattering
over nearly the entire range of angles. In some cases, the scattering was shown to
be well correlated with the atmospheric mass concentration. Some caution must
be exercised when using nephelometers in an environment with sooty particles,
since the scattering will be attenuated because of light absorption. In this case the
particle concentration will be lower than expected [52, 53].

A multi-particle, light scattering instrument that employs a long-pathlength
back-scattering light collection is light detection and ranging (LIDAR) [54]. A power-
ful pulsed laser is used, and the temporal analysis of back-scattered light indicates
the spatial distribution of particles. This type of instrument has been used to map
smoke plume opacity in the vicinity of the stack. Unless the size distribution and
composition of the particles are known, only a qualitative comparison of aerosol
concentration at different locations can be made.

Another method that is similar to scattering is the laser diffraction method. This
is a multi-particle method that can be used only for size distribution measurement
of aerosol or hydrosol particles; the concentration of the particles cannot be
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determined [55]. The principle of the measurement is based on the observation of
the diffraction parameters of laser light on an ensemble of polydisperse particles.

The aethalometer is used to measure suspended carbonaceous particulates,
including aerosol black carbon (BC) or elemental carbon (EC). This technology
uses continuous filtration and optical transmission to measure the concentration
of BC in almost real time. Aethalometers are designed for a number of specific
applications and measure the absorption at different wavelengths. Magee Scientific
Inc. produces a dual-wavelength (880 and 370 nm) version for measurement of
aromatic organic species, that is, tobacco smoke, fresh diesel exhaust, and wood
smoke, and seven-wavelength aethalometers working in the 370–950 nm range for
the study of atmospheric optical properties, radioactive transfer, and so on.

7.4.2
Single-Particle Instruments

Light scattering particle counters or optical particle counters (OPCs) or spectrometers
employ a small sensing volume, either by a focused incandescent lamp or a laser
source. In such instruments, it is important to avoid coincidence errors resulting
from more than one particle in the sensing volume. The instrument manufacturer
specifies the maximum number concentration that can be handled. Generally,
commercial instruments handle a concentration of up to ∼106 particles per liter.
Beyond this concentration limit, sample dilution is usually used, which decreases
the accuracy of the determination of the concentration. The range of particle
diameters that single-particle instruments are able to handle is ∼0.3–10 µm.
OPCs have found wide use, first in clean-room monitoring and more recently in
community air pollution and industrial hygiene studies. A number of laboratory
instruments employing single-particle scattering have been constructed. A critical
review of such instruments is given by Chigier and Stewart [56]. The principle
employed in these instruments will likely be used in the next generation of
commercial particle counters.

Condensation nuclei counters or condensation particle counters (CPCs) are used to
measure the total number concentration of airborne particles much smaller than
0.5 µm, which cannot be detected directly by light scattering. These instruments use
the principle of adiabatic expansion or cooling in a vapor-saturated chamber. Vapor
condenses upon nuclei and the particles grow to a detectable final diameter. They
are then counted by light scattering. The instrument measures total nuclei number
concentration, since the final particle size is relatively independent of the number of
nuclei present. Three types of instruments are currently in use. The first is a manual
type in which a single expansion is performed in a water vapor-saturated chamber.
In the second type, the expansions are performed cyclically, two per second, in a
smaller water vapor-saturated chamber. A third type has been developed in which
the particles are passed continuously through an alcohol chamber and are grown
by cooling [57].

In the above instruments, the light interaction with a particle (or particles) is
measured to obtain information directly. The particle motion is not important
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as long as it remains for an appropriate time in the sensing volume. Several
instruments have been developed in which optical detection is used to infer particle
motion.

In aerodynamic particle counters the aerodynamic diameter of a particle can be
measured by determining the particle velocity in an accelerating flow by measuring
the time of flight of the particle between two spots in the acceleration region after
aerodynamic focusing by an orifice nozzle. Commercially available instruments
have been designed for aerosols in the range of 0.5–10 µm. The advantage of this
method is that it is independent of the optical properties of the particles as long as
the scattered light can be detected [58–67].

The study of light scattering and the development of light scattering instrumen-
tation, especially particle counters and sizers, in the past two or three decades were
motivated by the widening of the market for clean room technologies. At the end
of the 1960s and beginning of the 1970s, several big firms for the production of
OPCs and sizers were established, mainly in the USA (TSI, Hiac-Royco, Climet,
Met-One, Amherst, Particle Measuring Systems), in England (Malvern), and in
Germany (Polytec, Topas, and others).

At the end of the 1980s the market for light scattering instrumentation widened
as well as the number of companies. At the same time the number of technologies
that needed clean room monitoring instrumentation increased – now clean room
technology is involved not only in microelectronics, but also in pharmacology, in
medicine, in the photochemical industry, in several branches of the packaging
industry, in the paint industry, in the production of precise mechanics and optics,
in the production of filters, and so on. In connection with the firms, the production
of clean room monitoring equipment has been increased up to about 30 firms, but
the influence of the old firms having a wide service network is still strong.

Another branch of application of particle counters and sizers based on light
scattering is the field of high particle concentration – for example, industrial
air quality control, environmental monitoring, toxicology, aerosol testing, health
control, and so on. For these applications, a series of instruments were developed
by Amherst, TSI, Topas, Grimm, Technoorg, and so on.

A detailed analysis of more than 20 instruments produced by 15 manufacturers
is presented in Section 7.8, where the main parameters and a comparison of the
different commercially available instruments are described.

In the next sections we will describe some of the airborne and liquid-borne
particle counters developed by various authors and groups.

7.5
Development of Airborne and Liquid-borne Particle Counters and Sizers

The airborne and liquid-borne particle counters are based on the same principle:
counting and sizing of particles (one-by-one) when they pass through the illu-
minated sensing volume. For determination of the concentration, the flow rate
(the volume to be tested) is also measured simultaneously. The main difference
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between airborne and liquid-borne particle counters is the handling of the flow. At
the same time, the relative refractive index of particles in liquids is smaller than in
the air or gases, so the lower size limit is usually higher.

The different light detection geometries applied in different particle counters
yields a wide range of instrument designs and constructions. As the dependence
of the scattered intensity on the refractive index of the particles is less pronounced
around 90◦ scattering angle, in most airborne particle counters perpendicular
scattering geometry is implemented.

In several particle counters – for example, in the Dual Wavelength Optical Particle
Spectrometer (DWOPS) described in Section 7.7 – simultaneous measurement of
some other parameters is also possible (in DWOPS, the complex refractive index).
A special sampling and detection geometry providing the measurement of very
high concentrations is used in particle counters made by Topas. Several particle
counters have some additional modular units to measure specific aerosols – for
example, the particle counters of Grimm have a modular unit for measurement
of polyaromatic hydrocarbons or nanoparticles, which can be attached to different
Grimm instruments.

Special types of liquid-borne particle counters have been developed for pharma-
cological and hematological applications. These instruments usually are designed
for measurement of special particles – for example, the concentration of erythro-
cytes and leucocytes in blood (Diatron Ltd), for measurement of aerosol drugs, and
so on.

7.5.1
Development of Airborne Particle Counters

The principle of airborne particle counters is shown in Figure 7.5. The aerosol to
be tested is passed through an illuminated zone and scatters the light of a laser
beam in all directions. Part of this scattered light in a certain acceptance angle is
collected by the optical system of the detector. The amplitude of the photoelectric
signal generated on the detector by the particle crossing the illumination zone
is compared with the standard calibration curve obtained from a set of known
particles.

Calibration curves, calculated using Mie scattering theory for different scattering
and integration angles, are shown in Figure 7.6. As we can see, especially in the case
of forward and back-scattering, the relation between size and scattered intensity in
certain size ranges is not uniform: the long-period oscillations for back-scattering
are pronounced in the 0.4–1 µm range, and for forward scattering in the 1–3 µm
range. In the case of perpendicular scattering, shorter oscillations are pronounced
in the 2–5 µm range, but if we measure the size distribution, this geometry is even
better. In this case, the dependence on the refractive index of the particles is also
less pronounced.

For further considerations we have also plotted the calculations of the combina-
tion of forward and back-scattering, which we applied on our new aerosol analyzer,
described in Section 7.7. This device is capable of measuring not only the size
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Figure 7.5 The principle of airborne particle counters. The
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tric impulse, which is connected with the size of the particle
to be measured.
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distribution and concentration but also the complex refractive index of aerosol
particles.

Previous studies of the measurement of particle size distribution in
aerodynamic particle sizers [59, 60, 68] showed that devices operating by
means of measuring the velocity of each individual particle in the incoming
aerosol stream accelerated through an orifice nozzle underestimate the
aerodynamic diameter by an average of 25% [61, 62], even in the case of
regular-shaped non-spherical particles. The reason for such an underesti-
mation is that these devices work under ultra-Stokesian flow conditions
(within the measurement zone, particles having an aerodynamic diameter
greater than 1 µm have a Reynolds number greater than 1 [63]). Similar
effects are also obtained when measuring liquid droplets larger than a few
micrometers, since liquid spheres are distorted when passing through the
region of strong acceleration in the tapered nozzle [64, 65]. According to
[66, 69], the measurement results depend on the particle density even in the case
of spherical particles. The same devices overestimate the size of particles that have
a density appreciably greater than unity. Because of these, several manufacturers
have introduced an option in the operating software to correct for deviations in
particle density [67]. An additional problem is that calibration curves obtained at
reduced ambient pressure are different from the manufacturer’s data, indicating
that recalibration of the device is required if other than standard operating
conditions occur [70].

Here we describe the design of a light scattering airborne particle counter that
differs from the well-known OPCs, which have forward scattering geometry and a
lower limit of registration of 0.5 µm [71], from particle counters that have a lower
limit of registration of 0.1–0.3 µm, which have the great disadvantage of placing
the sampling chamber inside the laser resonator and passing the particles through
the open cavity laser [72–74], and from particle counters in which the scattered
light is collected by two elliptical mirrors [75].

In this device, illumination and light detection are performed outside the laser
resonator and the permanent stabilization of the photodetector is combined with
the aerodynamic focusing of the aerosol stream to be tested. The size detection
limit of the system is not altered, and it remains low (∼0.2 µm).

The optical scheme of our instrument is shown in Figure 7.7. The light from
a laser falls on the L1 –L4 focusing lens system and the diaphragm D1. The
appropriate diameter and position of the light spot inside the hermetic optical
chamber is achieved by fine adjustment of lens L3. The air to be tested is forced
through a vertical nozzle, which is located at point P perpendicularly to the plane of
the figure. The curvature of mirror M1 is exactly matched to the beam divergence,
so the beam is reflected into itself. Thus the light scattered opposite to the direction
of detection is reflected back towards the detector. By this arrangement the collected
light intensity is increased approximately two times. Moreover, in this way, the
optical system can easily be adjusted. Diaphragm D2 is very important, as it reduces
the amount of light scattered from the optical elements and mechanical parts of
the system.
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Figure 7.7 The optical scheme of the airborne particle counter APC-03-2C.

The light collecting optics consists of lenses L5 and L6 and diaphragms D3 and
D4. The measurement volume, with dimensions approximately 400 × 500 ×
500 µm3, is seen at 60◦ by the collecting optics. This relatively large collecting
angle has the benefit of integrating the intensity oscillations of the light scattered
from large particles, which is especially important in the case of 90◦ scattering
geometry. Perfect alignment of mirror M1 was achieved by monitoring the signal of
the photomultiplier when single particles were passing through the measurement
volume.

The air to be tested is forced through the optical chamber by a high-capacity
push–pull diaphragm pump. Aerodynamic focusing of the sample air is performed
by a double-wall confocal nozzle. The air enters the inner inlet of the nozzle;
the clean air flow (after passing a zero-count filter) exits via the external inlet
surrounding the air to be tested and accelerates it. Within the external inlet, the
inner one can be hermetically adjusted so that it is vertically aligned with the
former. After choosing the appropriate pressure conditions and the aerodynamic
focusing parameters, the location and diameter of the waist of the sample air
stream can be matched to the optical beam.

In the present system, the photomultiplier is permanently stabilized to give a
standard output signal in response to a standard optical input signal. The standard
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optical input signal is produced by stabilized light-emitting diode impulses applied
to the photomultiplier. The frequency of this signal is 70 Hz, and its amplitude
is equivalent to the light scattered from the largest particles. This frequency is
subtracted from the counted number in the appropriate size range. A stabilizer
is built into the system to compensate for fluctuations of the photomultiplier by
controlling its anode–cathode voltage through a feedback loop. The light scattered
from the measured particles is filtered by a narrow-band filter F, which is adjusted
to the wavelength of the laser light.

The size ranges were chosen in accordance with the standards for particle size
distribution measurements. The lower limit of the first size range is 0.3 µm; how-
ever, the size detection limit is 0.2 µm. The computer-controlled data evaluation
system takes care of the setting of the measurement parameters, the control of the
measurement, and the display of the measured data in several modes. The connec-
tion between the optomechanical part and the controlling PC computer is realized
by the use of a standard RS-232 or USB line with 9600 baud, so any IBM-compatible
PC could be used. With the PC, we can set the number of measuring cycles, the
duration of one cycle, the alarm levels for each size range, and so on.

The calibration measurements were carried out by the use of a PG 100 Pacific
Instruments aerosol generator with polystyrene latex from Particle Measuring
Systems Inc. and Dow Chemical Inc. These calibration particles have a low
standard deviation (from 0.7% to a small percentage) of diameter [76]. In the first
step of the calibration for better resolution, the pulse height distribution of the
photomultiplier impulses corresponding to a certain size of calibration particles was
analyzed by a Norland 5500 multichannel analyzer [77]. The typical distribution
for the l.1 µm monodisperse calibration latex shows two maxima. Such effects
were also observed by Pinnick in Knolleberg-type light scattering counters [78].
This phenomenon is associated with coagulation [79], so the second maximum
corresponds to the double bunching of the aerosol particles.

In this device the main source of the finite linewidth of the size resolution is
the non-uniformity of the illuminating light intensity in the optical chamber. The
best approximation for this is the Gaussian shape. The light detection statistics of
the photomultiplier in this case play a secondary role. If we take the rule that the
integrated scattered light intensity is proportional to the surface of the particle [80,
81], then from this distribution we can assume that the full width at half-maximum
of the distribution equals one-quarter of the particle diameter. Owing to this the
present number of size limits (0.3, 0.5, 1.0, 3, 5, 10 µm) could be at least doubled.

The main cause limiting the concentration of the measured aerosol is particle
bunching in the measurement volume. This leads to false particle size and
number determination. Assuming Poisson statistics for the interval between
the arrival times of two particles, a simple calculation leads to the conclusion
that, for a 92% certainty for two particles not to fall in the illuminated area
simultaneously, the time interval between them must be 10 times more. However,
this requires that the mean interval between the arrival times should be greater
than 25 µs. The flow rate of the present instrument is around 3 l/min. This means
that particle concentrations up to 0.8 × 107 particles per liter can be measured
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Figure 7.8 Airborne particle counters APC-03-2C and
APC-01-02 produced by Technoorg, Hungary.

with better than 10% accuracy. This relatively large concentration limit offers
applications not only in clean room monitoring, but also in highly contaminated
environments. It is necessary to mention, however, that, as is usual in optical
particle size measurements based on scattered light analysis, our measurements
of size distribution also contain errors connected with the shape and refractive
index inequalities of particles. Errors of this type are analyzed in [82].

Figure 7.8 shows photographs of the airborne particle counter described and a
similar one (both manufactured by Technoorg-Linda Ltd). In the past few years, this
device has been applied for clean room monitoring measurements [83–85], tests of
various types of air filtering equipment (laminar boxes, climatic, and air cleaning
systems in operating theaters, hi-tech laboratories), checking the particle size
distribution and concentration in inhalation chambers for toxicological experiments
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(studying the toxicity of agricultural chemicals), monitoring the aerosols and
air in various stages of the pharmacological processing of medicines, and the
measurement of urban aerosols within the city of Budapest. This device was
applied also for monitoring the air quality in industrial works in Hungary – Forte
Photochemical Works (Vác), Chinoin Pharmaceutical Factory (Budapest), Parma
Pharmaceutical Factory, and Viscosa Works (Nyergesújfalu) – and in the operation
theaters of several hospitals [86–98].

7.5.2
Development of Liquid-borne Particle Counters

The LPC-1-200 liquid-borne particle counter is designed to measure the size distri-
bution and concentration of particles suspended in various liquids whose viscosity
is between about 0 and 100 P. This particle counter can be used to test the purity of
parent solutions in various fields: pharmacology, hematology, biology, toxicology,
health care, semiconductor process liquids, hydraulic fluids, environmental con-
trol, photochemical industry, refining industry, control of screening, and cleaning
efficiency, and so on [99–101].

The optical scheme of the measurement chamber is shown in Figure 7.9. The
principle of the measurement of the size distribution and the concentration of
the particles suspended in liquids is light scattering or extinction (the theoretical
approach is based on Mie scattering theory). However, as the velocity distribution
of liquid-borne particles in a laminar fluid flow is sufficiently uniform, in order
to determine the size of the particles to be tested (in a certain size range, and
for a narrow slab-like region of uniform illumination), beside the pulse height
measurement, the pulse duration of the optical signal (Figure 7.10) – which
corresponds to the single-particle flow through the illuminated zone – can be
used. The benefit of this method is that, in the case of measurement of the optical
signal from the extinction of the incident light by the particles to be tested, the
size distribution obtained in such a way is less dependent on the refractive index
of the particles to be tested than in the case of the 90◦ scattering geometry used
in the airborne particle counter. Moreover, if the size range is higher than several
micrometers, because of the good resolution of the time interval measurement in
the microsecond or millisecond region, the method can have a higher resolution
than that based on commonly used pulse height measurements.

Figure 7.11 shows photographs of the liquid-borne particle counter described
and a similar one (both manufactured by Technoorg-Linda Ltd). Integrated into the
LPC-1-200 are methods based on pulse height and pulse duration measurements
using a signal evaluation system, which consists of a 64-channel amplitude analyzer
with a logarithmic preamplifier for pulse height analysis, and a higher-resolution
system that consists of a 128-channel amplitude analyzer for pulse duration
measurement.

The liquid to be tested is pumped through a small illuminated zone by a
high-capacity peristaltic pump with a computer-controlled step motor drive. The
rotation frequency of the pump can be adjusted over a wide range depending on
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Figure 7.10 Liquid-borne particle counters of Technoorg, Hungary.

the viscosity and volume of the liquid to be tested. The controlled flow rate of the
liquid is also measured, so not only the size distribution but also the concentration
of the single particles can be determined. The light intensity of the illumination
at the beginning of the measurement is automatically fitted to the transparency
of the given liquid and controlled during the measurement. The flow rate is also
continuously controlled and stabilized at the preset value.

The calibration of OPCs plays an increasingly important part in confirming
the validity of measurements of suspended particle size distribution and concen-
tration, since calibration depends not only on the standard size deviation of the
calibration particles, but also on their optical properties. Calibration of airborne
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Figure 7.11 The dependence of the pulse
duration on the shape factor of the parti-
cles [102].

and liquid-borne particle counters usually utilizes monodisperse or polydisperse
spherical polystyrene latex with known size distribution, known refractive index,
and appearance verified by electron microscopy [100, 101]. These particles are quite
suitable for calibration of airborne particle counters, but there are three additional
problems for liquid-borne particle counters operating in the size range higher
than 100 µm. In liquids, the coagulation of the polystyrene particles not only into
doublets, but also into triplets and multiplets is likely to be more significant; and the
upper size limit may exceed the dimensions of commercially available polystyrene
latex. The third problem is that the standard deviation of the bigger polystyrene
particles is much larger than that of the smaller ones. In some cases calibration
in this range is carried out by approximating the calibration curve, but obviously
this is not so accurate. Thus, a new type of calibration particle is needed. We
used metallic spheres produced by ultrasonic evaporation from a liquid metallic
melt, which has a low coagulation factor. The standard size deviation of such
particles is several per cent. To prevent the sedimentation of the particles during
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the calibration, we performed permanent mixing and high velocity of sampling of
the calibration liquid.

The measurement of the size distribution up to such a size region is important,
for example, in testing pharmacological ingredients obtained by grinding some
natural solid substance emulsified into a parent liquid. A computer-controlled data
evaluation system takes care of the setting of the measurement parameters, the
control of the measurement, the display of the measured data, and their storage.
With the PC, we can set the number of measuring cycles, the duration of one cycle,
the alarm levels for each size range, and so on.

7.6
New Methods Used to Characterize the Electrical Charge and Density of the Particles

After the development of different airborne and liquid-borne particle counters,
the possibility of extending the laser method of aerosol sizing to obtain particle
size and charge distribution was proposed [103]. This possibility can be realized
by using an electric field perpendicular both to the aerosol jet and to the laser
beam. Deflection of charged particles in the electric field results in the change of
intensities of the scattered light pulses because of the inhomogeneous transverse
intensity distribution of the laser beam. Aerosol particle distribution with respect to
the scattering amplitudes is measured at several values of the field strength. The
set of distributions thus obtained can be transformed to a two-dimensional size
and charge distribution. Suppose a focused air jet containing aerosol particles is
crossing a laser beam. If a voltage is applied to the capacitor plates, the charged
aerosol particles will be deflected from their original trajectory (Figure 7.12).

The amplitude of the scattered light pulse detected in the experiment produced
by a particle crossing the laser beam depends on the value of the deflection.
For simplicity, we assume that, in the absence of an electric field, the aerosol
jet crosses the laser beam axis. A particle of size a deflected from its original
trajectory by distance l (depending on E, q and a) gives rise to a light pulse with
intensity depending on the electrical field strength inside the capacitor, the radius
of the particle a, and their charge q. Analyzing aerosol samples at different values
of Ei, i = 1, 2, 3, . . . , imax, one can determine the number of particles giving
rise to scattered light intensity Yi at a fixed value of Ei. In other words, one can
determine NEi (Yi), the distribution function of the aerosol particles with respect
to Yi. If a certain range of values �Ei from Ei − dEi/2 to Ei + dEi/2 can be put
in correspondence to each dependence NEi (Yi), then the function NEi (Yi) can be
transformed to the normalized two-dimensional distribution of aerosol particles
with respect to Ei and Yi. The problem is to derive the aerosol particle charge and
size distributions from the dependence N2

Ei
(Yi). This derivation can be done by

using one-dimensional distribution functions [102]. The accuracy of calculation of
the distribution functions is determined by the ratio of the width l of the air jet
containing aerosols to the characteristic laser beam radius (ideally, one should use
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Figure 7.12 The scheme of the measurement of the electrical charge on aerosol particles.

an air jet as thin as possible). At l/a < 0.2 the accuracy of the method proposed is
better than that of the traditional ones, based on the light scattering amplitude [102].

However, this possibility can be realized only for stationary (during the time of
measurement) states of the aerosol. One can estimate this drawback, provided the
range of charge distribution is not too broad, so that it is sufficient to measure
the distribution of the aerosol particles with respect to scattering amplitudes at
a fixed value of the field. In this case it is possible to make two measurements
simultaneously by illuminating the aerosol jet at two different points [102]. In the
first laser spot, processing the scattered signal as traditionally for laser sizers is used
to determine the particle size distribution. Thus, after passing through the electric
field of the capacitor, particles arrive at the second laser spot, where the second
measurement is made simultaneously, which allows determination of the charge
distribution.

Thus, the use of an electric field to deflect the charged particles in the transverse
direction with respect to the laser beam in the aerosol particle sizer allows
one to determine the two-dimensional size and charge distribution functions of
small-sized aerosol particles. Experiments that have been performed show the
applicability of this method.

The determination of the density of the aerosol particles is based on the
measurement of the time of flight of the particle between two illuminated spots
in the acceleration region of the aerodynamic focusing after an orifice nozzle
(Figure 7.13). The motion of a particle with initial velocity v can be described by the
Stokes equation

m
�v

�t
= 6πµav

where m is the mass of the particle, A = �v/�t is the acceleration, µ is the dynamic
viscosity of the air (or gas), a is the radius of the particle, v = (v0 + v1)/2 is the
average velocity, and �t is the time between the pulses. When the distance between
the two illuminated spots is small, the time to cover this distance with acceleration
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∆t

∆t1 ∆t2

Figure 7.13 The principle of the estimation of the density of aerosol particles.

a (when v is changing from v0 to v1) is �t, and then the previous equation can be
described as follows:

m(v0 − v1)/�t = 6πµa(v0 + v1)/2

Taking into account that the mass of a spherical particle can be written as
m = 4

3 a3πρ, the density ρ can be written as:

ρ = 9µv�t

2a2�v

Since µ is known, a can be determined from the size measurement, and �t and �v

can be defined from the experiment, the density of the particles can be measured.

7.7
Aerosol Analyzers for Measurement of the Complex Refractive Index of Aerosol
Particles

As we can see from the previous sections, the scattered intensity from a particle
depends not only on its size but also on the complex refractive index. When
we measure scattering at different angles with different integration ranges using
appropriate software based on generalized light scattering theory, the refractive
index of the particle to be measured can also be retrieved. More comprehensive
information could be achieved using two different wavelengths and a combination
of forward and back-scattering for each detected particle. This principle was recently
introduced for simultaneous measurement of the size and the complex refractive
index of aerosol particles [103–107].

The method is based on a dual-wavelength illumination system where the scat-
tered light is collected over four angular ranges, in forward and backward scattering
directions compared to the two illumination laser light beams (Figure 7.14). The
measured and digitized quartet is then compared to a pre-computed table calculated
using the Mie scattering theory. The rows of the table contain the size, complex



228 7 Applications of Optical Methods for Micrometer and Submicrometer Particle Measurements

Figure 7.14 The scheme of the Dual
Wavelength Optical Particle Spectrometer
(DWOPS).

refractive index, and the corresponding four scattered signals from the four angu-
lar ranges (Figure 7.15). The four measured scattered intensity amplitudes – the
responses of the detectors – are digitized and mapped according to the procedure
demonstrated in Figure 7.15 (step 1). Then a search is performed (steps 2 and 3)
to find the best-fitting row in the evaluation table by using the developed software.
The measured size and complex refractive index are finally acquired from the
appropriate row of the evaluation table (step 4). Figure 7.16 shows a photograph
of the Dual Wavelength Optical Particle Spectrometer described (manufactured by
Envi-Tech Ltd).

The resolution and the accuracy of the method depend on many parameters,
for example, the instabilities in the sample flow system, uncertainties in the
illumination and detection electronics, the applied analog-to-digital converter, and
also the dimensions of the evaluation table. A comprehensive numerical and
experimental study showed the feasibility of the method [108].

The calibration of the instrument was performed using laboratory particle
standards. Initially, scale factors were determined for each detector to link the
scattered intensities calculated using the Mie theory with the detector responses.

To evaluate the performance of the method, particles were generated from a
suspension using pneumatic atomization and electrostatic classification were used
to obtain monodisperse distributions. These particles were then introduced into
the instrument’s measuring volume after aerodynamic focusing. The four signals
from the four detectors were obtained by a four-channel peak detection system,
which utilizes certain logic to minimize the effects of possible crosstalk between
channels. The detected signals were digitized and, using the scale factors, a search
was performed in the evaluation table to obtain the particle size and complex
refractive index.

Laboratory standard particles with different sizes from aqueous suspension,
diethylhexyl sebacate (DEHS) particles generated from an isopropyl alcohol–DEHS
solution, paraffin oil, and carbon-like absorbing particles generated from black ink
diluted in pure distilled water were used for the test measurements.
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Figure 7.15 The data evaluation scheme of DWOPS.

Figure 7.16 The Dual Wavelength
Optical Particle Spectrometer (An-
alyzer) developed by Envi-Tech Ltd,
Hungary.

7.8
Comparison of Commercially Available Instruments and Analysis of the Trends of
Further Developments

In this section, we present the parameters of the commercially available in-
struments – single-particle light scattering direct-readout counters and sizers for
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airborne and liquid-borne particle measurement (a method for determination of
the aerosol parameters in case of multi-particle sensing where multiple scattering
takes place is described in [109]).

Depending on the construction and application possibilities, the particle counters
are classified as portable airborne particle counters, remote particle counters,
manifold particle counters, and handheld particle counters. Table 7.1 provides a
summarized review and very brief description of the main features and capabilities
the instruments of the main manufacturers. The manufacturers are listed in
[110–119].

7.8.1
Portable Particle Counters

Portable particle counters have an entire fully functioning air monitoring system
built into one compact unit. Extremely versatile, mobile, and with a high air flow
sample rate, they can be used cost effectively for contamination control via clean
room certification or monitoring. These counters generally have built-in printers,
displays, alarms, and input–output ports such as serial, RJ-45 or USB for computer
connectivity. Some portable particle counters also have other features, such as
temperature, relative humidity, and pressure differential and air velocity. Data
from these sensors can be downloaded into a computer as well. Most portable
particle counters from different manufacturers have been made to do the same job,
but come in a variety of packages.

7.8.2
Remote Particle Counters

These are small particle counters that are used in a fixed location typically inside a
clean room to continuously monitor particle levels 24 hours per day, seven days a
week. These smaller counters typically do not have a local display and are connected
to a network of other particle counters and other types of sensors to monitor the
overall clean-room performance. This network of sensors is typically connected
to a facility monitoring system, data acquisition system or programmable logic
controller. This computer-based system can integrate into a database and/or an
alarming/alerting system, and may have e-mail capability to notify facility or process
personnel when conditions inside the clean room have exceeded predetermined
environmental limits. Remote particle counters are available in several different
configurations, from single channel to models that detect up to eight channels
simultaneously; they can have a particle size detection range from 0.1 to 100 µm,
and may feature one of a variety of output options, including 4–20 mA, RS-485
Modbus, ethernet, and pulse output.
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7.8.3
Multi-Particle Counters

These are modified portable aerosol particle counters that have been attached to
a sequencing sampling system. The sequencing sampling system allows for one
particle counter to sample multiple locations, via a series of tubes drawing air
from up to 32 locations inside a clean room. They are typically less expensive than
utilizing remote particle counters; however, each tube is monitored in sequence.

7.8.4
Handheld Particle Counters

These are small self-contained particle counters that are easily transported and
used. Though the flow rates of 0.2 m3/h (1/10th of a cubic foot per minute) are
lower than for larger portables with 2 m3/h (one cubic foot per minute), handhelds
are useful for most of the same applications. However, longer sampling times
may be required when doing clean-room certification and testing. Most handheld
particle counters have direct mount isokinetic sampling probes.

Further development of the instruments can be performed by widening the
size ranges, and combining particle counting and sizing with other facilities –
for example, determination of the electrical charge, refractive index, density of the
particles, and so on.

7.9
Conclusions

Light scattering and its applications in different fields of particle measurement
– such as the study of the kinetic stability and aggregation behavior of colloid
dispersions and suspensions, the investigation of macromolecules, polymers, and
micellar systems, the coagulation kinetics of colloid particles, mining engineering,
material processing, analysis of geological ingredients and liquid suspensions, and
studying the kinetics and dynamics of aerosols, and so on – is the field of activity
of hundreds of research centers all over the world.

A number of research firms and institutions have developed a series of airborne
and liquid-borne particle counters and sizers with competitive technical specifi-
cations. These devices have successful applications in clean-room monitoring, in
laminar box testing, in environmental air pollution monitoring, in medicine, in
toxicology, in pharmacology, in chemistry, in filter testing, in industrial environ-
ment monitoring, in nuclear air ingress experiments, in hematology, and so on
[120–134].

Besides demonstrating the applicability for these purposes, the obtained new
results also serve for the possible judgment of future applications and give
information on the concentration, size distribution, density, refractive index,
absorption, extinction, and shape factor of airborne particles in various places
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under various conditions. The short sampling time of the optical methods can
serve for studying the dynamics of aerosols.

About 30 big companies all over the world are involved in the production of
laser light scattering instrumentation, and they are developing and widening the
capability of the new devices and spreading their fields of application.
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8
The Inverse Problem and Aerosol Measurements
Valery A. Zagaynov

8.1
Introduction

Any measurement is related to the comparison of a particular measured parameter
against some standard one. However, in addition to the standard set of requirements
applied to any measurement, measurements of aerosol systems have special
additional features. Although a precise definition of ‘‘aerosol particle’’ does not
exist, everybody understands what it means. On top of this stylistic issue, there is
more essential complexity: often aerosol measurements are indirect. One of the
main tasks of aerosol science and technology is representative determination of
the particle size distribution (PSD). At the same time, this problem is both very
acute and ambiguous to solve. There are two obstacles to rectify the problem. First,
any monitoring equipment has a defined sensitivity that could leave a substantial
quantity of particles not registered. In these cases, the concentration of such
particles could be greater than the concentration of counted aerosols. Second, some
uncertainty is related to the inverse problem, as all aerosol measurements are indirect.
In particular, any aerosol monitor provides some integrated value of the PSD,
which then ought to be mathematically converted into the exact size distribution of
the real aerosol.

I should start this chapter by repeating the statement that all aerosol mea-
surements are indirect. For example, measurement of the PSD really means
measurement of one of the following aerosol characteristics: aerosol particle light
scattering ability, particle Brownian motion, the ability of a particle to acquire
electrical charge, and the corresponding mobility of the charged particle in an
electric field. The subsequent conversion of the measured parameters into the
real PSD requires a number of mathematical steps frequently associated with
ambiguity of solution. In addition, any instrument has some detection limits,
leading to situations in which particles beyond the sensitivity range are unable
to be detected at all, or could be detected with an efficiency of less than 100%.
This may significantly distort the real particle size spectrum and concentration. In
this chapter, the instrumentation along with theoretical approaches to attack the
problem will be discussed.

Aerosols – Science and Technology. Edited by Igor Agranovski
Copyright  2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32660-0
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In many situations, very sophisticated instrumentation and mathematical
procedures are required to acquire relevant data and convert them to representative
final results. From the mathematical point of view, there is complexity related
to the fact that the procedure for solving an inverse problem (transition from
experimental data into PSD) results in a situation with final complex equations
with complicated, ambiguous or unstable solutions.

During reconstruction of the PSD from measured data, it is very important to
know what type of measurements were undertaken: differential or integral. In the
first case, the value of interest is measured directly, while in the second case, the
particle spectrum is ‘‘hidden’’ in the measured data.

In particular, if the particle size distribution could be represented as a vector x
and the value that was actually measured as a vector P, then the relation between
these values is

P = Ax (8.1)

where A is the response matrix. If matrix A has elements comparable with 1, and
the dimensions of the vectors x and P coincide, then Eq. (8.1) will become linear
and the unknown values x can be simply calculated from the measured values P.
Also, if the determinant of the matrix A is different from 0, then the problem may
be resolved unambiguously:

x = A−1P (8.2)

Unfortunately, these mathematically favorable situations only arise for cases in
which measurements may be regarded as differential. For other cases, when the
determinant of the matrix A is close to 0, the elements of the matrix A are
obtained by integral relations, turning the measurements into integral, which leads
to instability of solution. To evaluate in advance what type of measurement is
undertaken, the concept of condition numbers could be applied [1]:

C = AA−1 (8.3)

As one can understand, uncertainties of raw data acquisition are responsible for
errors in the reconstructed PSD. The relation between datasets could be represented
as

�x

x
= C

�P

P
(8.4)

Based on this equation, if the condition numbers C are large, then large exper-
imental errors �P/P could result and, correspondingly, significant uncertainties
in the reconstruction of the final PSDs �x/x may be expected. The condition
numbers are usually related to particular measurement methods. For example,
when the particle spectrum is measured by an impactor, the condition num-
bers are around 1.2. On the other hand, in cases of utilization of cyclones or
elucidators, the condition numbers will be two orders of magnitude greater, reach-
ing values of around C ∝ 2 × 102. The same magnitude of condition numbers
also corresponds to measurements made by differential mobility analysis (DMA).
Finally, it should be noted that one of the most complicated cases is related to
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measurements made by diffusion batteries, where condition numbers are on the
order of C ∝ (2.0–5.4) × 104.

This chapter is focused on consideration of various strategies allowing one
to perform conversion of datasets acquired by various aerosol instruments into
representative particle characterization parameters. It will also discuss possible
sources of errors, and analytic procedures capable to minimize these errors.

8.2
Forms of Representation of Particle Size Distribution

It is very important to select the optimal form for presentation of data on PSD.
A final illustration (graphical or tabular) usually contains measured or mathemat-
ically reconstructed particle size spectrum and particle concentration. As a rule,
the person performing the measurements defines the method of presentation.
However, in many situations the form of presentation is restricted by processes
governing particular aerosol system. For example, if sources of new particles are
uniformly distributed in space and particles are produced from monomers (super-
saturated vapor), then the particle size spectrum is defined by the processes of
nucleation, condensation, evaporation, coagulation, and diffusion to a system’s
boundary. Consequently, to turn the raw data into a representative final result,
equations governing particular processes occurring in the system have to be solved.

Commonly, the PSD is presented as

f (x) = 1

N0

dN(x)

dx
(8.5)

where x is the particle geometry (radius, diameter, surface area, and so on), N0 is
the total number of particles in the system, and N(x) is the number of particles
with a size less than x. Accordingly, the number of particles within the size range
from x to x + dx will be dN = N0f (x) dx, and the PSD function in this case has
norm equal to 1. Such a definition of the PSD function is convenient because the
corresponding moment (k = 1) of this distribution function corresponds to the
averaged value of the function and so on:

〈xk〉 =
∫

xkf (x) dx (8.6)

At the same time, to find a suitable function is sometimes a very difficult problem.
Moreover, systems with sources uniformly distributed in space are very rare,
as most of them consist of multiple randomly operating sources non-uniformly
distributed across the system. The only way to handle such systems is to average
the PSD data by time and space.

A more favorable situation is related to characterization of the PSD in systems
where uniformly distributed sources generate new particles. Such systems could be
observed in a controlled laboratory environment or for some natural atmospheric
conditions [2]. In this situation, the PSD across the entire size range could be
mathematically constructed from data obtained for large particles, which are easy
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Figure 8.1 Histogram of particle size distribution.

to acquire by relatively trivial instrumentation [2]. However, to perform the task,
the mechanism of particle formation ought to be known.

Most commonly, the size distribution is presented by either a frequency distri-
bution or a cumulative distribution. Experimental data as a rule are presented by a
histogram, as shown in Figure 8.1. Figure 8.2 shows the particle size distribution
or cumulative curve and density of the particle size distribution. Sometimes the
word ‘‘density’’ is omitted. The cumulative PSD presentation is convenient for
many applications (for example, for design of air quality control equipment), as it
shows the total contribution of particles smaller than the particular size of interest.

The above simple and convenient histograms can be directly obtained by some
types of instruments, for example, by cascade impactor or optical counter, which
are capable of directly quantifying amounts of aerosol within certain size ranges.
However, a more complicated approach is required for cases where data acquisition
is based on indirect measurement of a certain system parameter with subsequent
mathematical construction of the PSD dataset. In this case, some processing of
values is required,

〈x〉 =
∫

xf (x) dx (8.7)

and averaged distribution width,

〈σ 〉 =
√

〈x2〉 − 〈x〉2 (8.8)

where

〈x2〉 =
∫

x2f (x) dx (8.9)
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Figure 8.2 Particle size distribution and density of the particle size distribution.

Various approaches to construct theoretical distributions could be used for data
presentation for cases when the frequency distribution or cumulative distribution
of size have limited use. In the area of aerosol science, most commonly used are the
normal distribution, log-normal distribution, and gamma distribution (see detailed
description in Chapter 1). Now let us try to understand how these particle size
distributions can be constructed.

8.3
Differential and Integral Measurements

As discussed above, many types of measurements are indirect. It means that
the actual parameter of interest cannot be measured (compared against the
corresponding standard) directly. In these cases, some function of this parameter,
which could be measured directly, has to be selected, measured, and mathematically
converted (for example, integrated) to represent the result of interest:

P(n) =
∫ ∞

0
p(x, n)ψ(x) dx (8.10)

Here ψ(x) is a function of the PSD (parameter of interest), P(n) is the measured
value (for example, particle penetration through diffusion battery), which is depen-
dent on some other parameters (in this particular case, on the number of screens
of the diffusion battery’s stage), and p(x, n) is the kernel of the integral equation
(in this case, the penetration of the particle with size x through a diffusion battery
with n screens).

As one can understand, the form of the kernel of the integral equation p(x, n)
plays a key role. As discussed, if it is close to a delta or Heaviside step function,
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then Eq. (8.10) turns into a system of linear equations, which has a simple
analytical solution. On the other hand, for example, in the case of diffusion aerosol
spectrometry (DAS), to reconstruct the PSD one has to solve a diffusion equation
and to use it for integral measurement of the particle penetration through the stage
of the DAS. The other representative example of integral measurement is the case
when particles deposit due to the influence of an external electric field (for example,
in a DMA column). In this case, the reconstruction of the particle size distribution
could be done by solving a differential equation describing the particle trajectory as
a function of the field parameters [3–6]:

dr

dt
= ur(r, z) + ZpEr(r, z)

dz

dt
= uz(r, z) + ZpEz(r, z) (8.11)

where r and z are the radial and longitudinal coordinate of the particle in the
cylinder, respectively, ur(r, z) and uz(r, z) are the particle velocity along the cylinder
radius and axis, respectively, Zp is the electrical mobility, and Er(r, z) and Ez(r, z) are
the electrical intensity along the radial and longitudinal coordinates, respectively.

These examples clearly demonstrate the difference between differential and inte-
gral measurements. For differential measurements, the condition number is close
to 1. For integral measurements, the deviation of the condition number from 1
becomes appreciable and may reach 104. During differential measurements, the
problem of conversion of measured data into PSD is stable and directly related
to experimental errors only. In the case of integral measurements, the prob-
lem becomes unstable, with small experimental errors leading to large resulting
uncertainties.

Currently, lack of universal equipment for the characterization of particles in
the nanometer size range dictates the need to select an instrument that satisfies
the conditions applied to a particular measurement, including consideration of an
operational principle, mathematical software, and so on. Let us now consider two
main measurement techniques, namely, differential mobility analysis and diffusion
aerosol spectrometry, which are the most commonly used for characterization of
particles in the nanometer size range.

8.4
Differential Mobility Analysis

Differential mobility analyzers are commonly used for measurements of nanometer
sized aerosol particle for a wide range of concentrations [3–6]. Different operation
scenarios of the instrument could correspond to either differential or integral type
of measurements [3].

The operational principle utilized by the device is based on the motion of charged
particles in the gas phase under the action of an electric field. Let us assume
that the aerosol particle has an electrical charge q. Then, when it moves in an
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electric field with strength E, it is influenced by the electric force F = qE. The
action of this force causes some displacement of the particle from its trajectory
in the gas carrier, which could be mathematically quantified to find the relation
between the electrical and mechanical parameters of the process. In addition,
during its motion in the electric field, the particle collides with gas molecules,
which adds more uncertainties to the process, requiring consideration of diffusion
mechanisms to precisely quantify the process. To describe the motion of a diffusing
particle, Eq. (8.11) has to be solved and the geometry of the particle trajectory in
the gas phase obtained as the result. At the same time, this approach does not
take into account the diffusion type of motion [6]. To account for diffusion, the
particle trajectory could be obtained more accurately by introducing a diffusion
correction [6]. However, the most accurate outcomes can be achieved by solving
the diffusion equation with the electric field acting on the particles taken into
account.

Commonly, the DMA is built as a cylindrical capacitor with an electric field
created between coaxial surfaces due to the potential difference V0 across them [7].
Aerosol particles are introduced into the DMA through a narrow slot built at the
top of the device between the outer cylinder surface with radius r2 and the inner
cylinder with radius r2 − �r . The flow rate of the aerosol gas carrier is denoted
as Q a. A buffer gas or filtered air with flow rate Q sh is strategically introduced
to the space between the two cylinders simultaneously with the aerosol sample
to create a uniform shield covering the sample to ensure equivalent traveling
distance for each particle to reach the surface of the inner cylinder. A potential
difference is applied, with the positive terminal connected to the outer cylinder
and the negative to the inner one, as a rule. During the operation of the device,
the aerosol particles drift toward the inner cylinder under the action of the electric
field and diffusion, and reach a narrow sampling slot provided at its lower end. As
one can understand, for each field strength, only particles with very narrow size
distribution would successfully reach the slot, while smaller and larger particles
collide with the surface of the inner cylinder above and below the sampling slot.
The particles that have successfully reached the slot could then be enumerated by
a condensation particle counter (CPC) (see Chapter 7) or used as a monodisperse
aerosol stream for laboratory or industrial applications. Also, the device could be
used for determination of the PSD of polydisperse aerosol. In this mode, the field
strength applied to the DMA is gradually changed within a certain voltage range
to enable particles with corresponding sizes to reach the sampling slot. The CPC
counts the particles that penetrate through the sampling slot, and the PSD is
constructed from the field strength-related counts of particles with corresponding
sizes.

The transfer function for the DMA �(Zp) is related to the probability of the
particle with known electric mobility Zp reaching the sampling slot. The transfer
function was presented by Knutson and Whitby [3] as

Z∗
p = Q sh

2πLV0
ln

(
r2

r1

)
(8.12)
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Also a correction to the aerosol carrier flow rate Q a is

�Z∗
p = Q a

2πLV0
ln

(
r2

r1

)
(8.13)

For the above-mentioned DMA operation in the continuum regime used to acquire
information about the PSD of a polydisperse aerosol, some corrections of the
transfer function ought to be made in order to account for the time dependence
of the potential difference V0. In this case, the transfer function will also become
time dependent, �(Zp, t), and could be represented as

�(Zp, t) =

∫ r2

r1

Uz(r)2πrcout(Zp, r, t) dr

Qsc0(Zp)
(8.14)

where cout(Zp, r, t) is the concentration of particles with electric mobility Zp, r is
the distance between the cylinder axis and the particle position at time t, c0(Zp)
is the concentration of particles with electric mobility Zp at the DMA inlet, and
Uz(r) is the velocity distribution of the flow across the cylinder radius. The particle
trajectory may be calculated from the equations of particle motion:

dz

dt
= Uz(r)

dr

dt
= ZpE(r, t) (8.15)

where E(r, t) is the distribution of the electric field in the cylindrical device. This
parameter may be time dependent, and is represented in the form

E(r, t) = V(t)

r ln(r1/r2)
(8.16)

The time dependence may be approximated by the following expression:

E(r, t) = r1

r
α et/τ (8.17)

where α and τ are constants that depend on the system parameters.
As one can understand, continuous alteration of the potential difference causes

instabilities, which do not allow stable flow of charged particles to be established.
Such instability creates some additional error source. At the same time, as was
shown in [7], if the potential difference change is performed slowly, then it does not
influence significantly the correctness of the measurements. The results obtained
for both steady-state and slow scanning regimes of measurements are shown in
Figure 8.3.

As is seen from the graphs, the particle trajectories obtained for scanning of the
potential difference regime have some uncertainties related to their positions.
These uncertainties are mainly associated with the width of the aerosol flow.
The solid and dashed lines represent the up-scan and down-scan of the potential
difference, respectively. When the scanning time is increased, the uncertainties of
the measurements are correspondingly decreased. As one can see, the difference
in curvature of the trajectory lines obtained for the two regimes of DMA operation
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Figure 8.3 Particle trajectories in the cylindrical DMA. The
left-hand side represents the results obtained at steady state,
and the right-hand side shows the results obtained for the
scanning regime with the scan time of 45 s (the ratio of the
aerosol flow by diluting air is 1 : 10.)

is the most pronounced at the stage when the particle is getting closer to the
inner cylinder. As was shown in [8], the flow may be considered as steady state
except for some areas near the surfaces of the inner and outer cylinders. As was
demonstrated, at the inlet to the DMA the gas flow is plug flow, and, for a certain
length of the device, towards the exit point it becomes viscous flow. Both types of
flow were considered for the application in [9]. The difference in the flow behavior
was evaluated by the Monte Carlo method [6] to evaluate the influence of Brownian
motion on the shifting of the particle trajectory. As was found, the diffusion motion
leads to widening of the bunch of trajectories of particles with the same charge
and size, and respectively the same electric mobility. The analytical approach was
used [7] to determine that at relatively long scanning times (90–300 s) all the
presented methods give almost the same results, with the largest discrepancy
being within several percent. However, when the time of the scan becomes shorter
(30–45 s), the discrepancy between the results obtained by different mathematical
models reaches 10% and higher. Also, the uncertainties contributed by particle
condensation enlargers and by optical counters have to be taken into account to
achieve the maximum possible accuracy of the reconstructed PSD [10].

Recently, miniature and multichannel DMA have been proposed [11, 12]. Minia-
turization has been achieved by replacing the particle condensation enlarger and
optical counter by a system capable of measuring particle charge. Although this
approach is very attractive, it contains several drawbacks, mainly related to the
need to measure very small charges and currents (10−15 A and less). In addition,
some particles are able to acquire several elementary charges, which become an
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additional error source. The suggested use of the charge measuring module as a
replacement for the CPC has been investigated before [13], and was not considered
as sufficiently accurate, especially for small particles, as the charging efficiency
of such particles is very small. Nevertheless, it could provide relatively accurate
outcomes for particles with sizes between 50 and 500 nm.

Now, let us evaluate the contribution of diffusion to particle motion in the electric
field, which is not commonly taken into account for the PSD reconstruction from
raw results of measurements. Let us consider a simplified version of the process,
which involves aerosol particles moving between two charged plane plates. It does
not have a significant difference compared to the common cylindrical device, but
allows one to demonstrate the case much more clearly for the reader.

First, we consider the process of diffusion of a charged particle moving in the
gas flow in an electric field. Assuming that every particle has an electrical charge
e, radius r, and diffusion coefficient D, the particle motion in the macroscopic gas
stream will be composed of two microscopic flows, namely, diffusion and motion
under the action of the electric field:

j = −D∇c + BFc + vc (8.18)

where c(r, t) is the particle concentration at the point r at time t, F = eE is the
magnitude of the electric field, B is the particle mobility, which is related to the
diffusion coefficient as D = BkT , and v is the macroscopic flow velocity.

Considering that the distance between the charged plates x0 is much smaller
than the plate size, the electric field between the plates may be assumed to be
uniform. If the potential difference between the plates is U, then the electric field
intensity is E = U/x0. Considering that the x-axis is directed normally from one
plate to another and the y-axis coincides with the gas velocity vector, then Eq. (8.18)
may be rewritten as

j =
(

−D
∂c

∂x
− D

eU

x0kT
c

)
ix − D

∂c

∂y
iy + vyciy (8.19)

As one can understand, the negative sign before the second term in brackets means
that the directions of the x-axis and the vector E are opposite. Vectors ix and iy
are unit vectors along the x- and y-axes. To derive a diffusion equation for the
particle concentration, let us first write a continuity equation for c(x, y, t), which
considering the relation (8.19) becomes

∂c

∂t
+ ∇j = 0 (8.20)

For steady-state conditions ∂c/∂t = 0, and substitution of (8.19) into (8.20) gives

−D
∂2c

∂x2
− D

eU

x0kT

∂c

∂x
+ vy

∂c

∂y
= 0 (8.21)

In this equation, the particle transport due to diffusion along the y-axis is not taken
into account, as it is negligible compared to the transport of the particle by the
velocity vy. To solve Eq. (8.21), some boundary conditions ought to be added. First
of all, we assume that the particle is trapped by the plate after collision and stays on
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the plate surface (some possible deviations from this assumption will be discussed
below). In this case the boundary conditions are

c(x = 0) = c(x = x0) = 0 (8.22)

To solve Eq. (8.21) we first rewrite it in the form c(x, y) = c(x)c(y), and

D

vyc(x)

(
c′′(x) + eU

x0kT
c′(x)

)
= c′(y)

c(y)
= −λ2 (8.23)

For the longitudinal direction, the result for c(y) is obtained as

c(y) = c0 e−λ2y (8.24)

For the transverse direction, the solution for c(x) is

c′′(x) + eU

x0kT
c′(x) + λ2vy

D
c(x) = 0 (8.25)

The characteristic equation for the second-order differential equation (8.25) may
be written as

z2 + eU

x0kT
z + λ2vy

D
= 0 (8.26)

with the solution

z12 = − eU

2x0kT
±

√
e2U2

4x2
0k2T2

− λ2vy

D
(8.27)

The solution for c(x) in Eq. (8.25) may be written as

c(x) = c01 e−(eU/2x0kT)x sin

(√
λ2vy

D
− e2U2

4x2
0k2T2

x

)

+ c02 e−(eE/2kT)x cos

(√
λ2vy

D
− e2U2

4x2
0k2T2

x

)
(8.28)

To satisfy the boundary conditions at x = 0, it is necessary to apply c02 = 0. To
satisfy the boundary conditions at x = x0, it is necessary to solve the equation

sin

(√
λ2vy

D
− e2U2

4x2
0k2T2

x

)
= 0

which gives the solution in the form

λ2 = D

vy

(
π2n2

x2
0

+ e2U2

4x2
0k2T2

)
(8.29)

Finally, the solution of Eq. (8.21) is

c(x, y) =
∑

n

cn exp
(

− eU

2x0kT
x

)
sin

(
πn

x0
x

)

× exp
[
− D

vy

(
π2n2

x2
0

+ e2U2

4x2
0k2T2

)
y

]
(8.30)
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To find the series coefficients cn, the orthogonal properties of the eigenfunction
of Eq. (8.21) with weight e(eE/2kT)x can be used. These coefficients are defined by
the initial conditions. Let aerosol particles be introduced into the space between
the parallel plates through the thin slot with width �x. The concentration of the
particles at this point is taken as c0. The concentration distribution in the space
between the plates can be obtained by solving Eq. (8.30), assuming that the series
coefficients cn are defined for the initial conditions. The concentration distribution
at the inlet to the space can be written as

c(x, y = 0) = c0(
(x) − 
(x − �x)) =
∑

n

cn exp
(

− eU

2x0kT
x

)
sin

(
πn

x0
x

)
(8.31)

Taking into consideration orthogonal relations, the series coefficients are
calculated as

cn =
4kT

{
e

eU
2x0kT �x

sin
(

πn
x0

�x
)

+ 2πnkT
eU

[
1 − e

eU
2x0kT �x

cos
(

πn
x0

�x
) ]}

eU
(

1 + 4π2n2k2T2

e2U2

)
(8.32)

Substitution of (8.30) into (8.32) gives

c(x, y) =
∑

n

4kT

{
e

eU
2x0kT

�x
sin

(
πn
x0

�x
)

+ 2πnkT
eU

[
1 − e

eU
2x0kT

�x
cos

(
πn
x0

�x
)]}

eU
(

1 + 4π2n2k2T2

e2U2

)
× e

− eU
2x0kT

x
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(8.33)

The solution of Eq. (8.21) with boundary conditions (8.22) and initial conditions
(8.31) is shown in Figure 8.4. As is seen, diffusion processes are responsible for
widening the bunch of particle trajectories, preventing these trajectories from being
presented as precisely defined lines. On this basis, it could be concluded that the
diffusion process could introduce significant uncertainties into the consideration
of the process of particle motion in an electric field.

8.5
Diffusion Aerosol Spectrometry

Diffusion aerosol spectrometers are commonly used for measurements of aerosol
size distribution and concentration. The operational principle of the DAS device
is based on the ability of aerosol particles to deviate from gas trajectory lines due
to diffusion. This particle-size-related process is responsible for possible particle
collision with the surface along the gas carrier pathway. If the geometry of the
pathway is known, the probability of a particle of certain size colliding with the
surface could be quantified. As one can understand, there is also some likelihood
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Figure 8.4 Space distribution of particles between charged
plates of a capacitor during macroscopic transport. The
distance between the parallel plates is 0.5 cm, velocity vy is
0.1 m s−1, and the diffusion coefficient D = 10−5 cm2 s−1.

for a particle to bounce off the surface after collision [14, 15]. However, at this stage
we assume that the particle settles on the surface, and we will come back to the
bouncing problem later.

Various studies confirmed the feasibility of DAS for measuring the particle
spectrum and concentrations in different environments both in the open atmo-
sphere and inside buildings [16, 17]. The device is capable of providing accurate
and reliable data, which was confirmed during the international intercomparison
research meeting held in June-July 1993 at Vienna University [18]. Let us now
discuss how measurements of PSD and concentration are performed by DAS.

The particle size spectrum is reconstructed from measurements of the pene-
tration of particles with certain sizes through a number of stages with known
geometry strategically located in the device. On this basis, to convert the raw data
into the particle size distribution, the inverse problem has to be considered.

As was discussed, DAS is able to measure the diffusion mobility of particles, which
allows the identification of particle size if the diffusion coefficient of the particle
in a gas carrier is known. The penetration is defined as a ratio of the particle
concentration at the diffusion battery outlet by the concentration at the inlet of the
device. There are different designs of diffusion batteries available. However, the two
most common ones use either thin cylindrical channels as passages for the aerosol
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stream, or fine mesh screens installed perpendicular to the direction of motion
of the aerosol carrier. Currently, the screen-type diffusion batteries are used more
often [19, 20]. To acquire the results for penetration through a diffusion battery with
n screens, the particle concentrations before and after the screens are measured
and used to obtain the magnitude of penetration (ratio of the concentration after
the screens by the concentration before the screens).

Now we can consider a fundamental problem related to a minimal number
of diffusion batteries required to acquire sufficient information enabling the
reconstruction of the particle size distribution. A single-mode particle size spectrum
could be graphed if the average particle size and particle distribution width
are known. As a result, to reconstruct a single-mode particle size spectrum,
two independent penetration measurements are required, as the two parameters
of the particle distribution may be extracted from two independent equations.
A more complicated strategy is applied to reconstruct a bimodal distribution,
which requires knowledge of five parameters. As one can understand, to calculate
them, five independent equations have to be solved, so five independent penetration
measurements have to be made.

8.5.1
Raw Measurement Results and their Development – Parameterization of Particle Size
Distribution

Practical experience shows that relatively large datasets have to be mathematically
processed after measurements by DAS. This means that the exact shape of a PSD
curve does not play the decisive role, as very often it has random sources. In
this situation, a real PSD can be represented as one of the standard distributions
previously discussed in Section 7.2 and in Chapter 1. As we will show later, a
diffusion dynamical method commonly used for mathematical analysis of the
results acquired by DAS further limits the accuracy of reconstruction of the PSD
from the measured data. On this basis, any attempt to graph the PSD containing
more than two modes may be considered as an exotic exercise, and our discussion
will be confined to bimodal particle size distributions.

It has to be noted that, for the screen-type diffusion batteries, semiempirical
formulas [19, 20], based on the theoretical background developed by Kirsh and
Stechkina [21, 22], are used:

P(n, D) = e−An Pe−2/3
(8.34)

Here A = 4.52 is a constant dependent on the screen type and other process
conditions, n is the number of screens used in the diffusion battery, Pe = 2Ru0/D is
the Peclet number, which shows the relation between macroscopic and microscopic
transport or diffusion, R is channel radius, u0 is the averaged flow velocity, D is
the diffusion coefficient, and P(n, D) is the penetration of particles with diffusion
coefficient D through the diffusion battery with n screens.

Expression (8.34) can be used to calculate the diffusion coefficient or corre-
sponding particle radius, if the particles are of the same radius or if the PSD is
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monodisperse. Indeed, in practice such particle distributions are rare, and for the
more frequently met polydisperse systems a different mathematical approach has
to be used. In these situations, the particle size spectrum may be described by
a function F(r), where r is the particle radius (8.5), or by f (D), where D is the
diffusion coefficient. This function may be defined as dN = N0f (D) dD, where dN
is the particle number with diffusion coefficients in the range D to D + dD, and
N0 is the particle concentration in the system. There is a relation between the
functions f (D) and F(r), which may be expressed as

D = kT

6πµR

(
1 + a

λ

R
+ b

λ

R
e−cR/λ

)
(8.35)

where a = 1.246, b = 0.42, and c = 0.87 are constants, λ = 6.53 × 10−6 T/T0 is the
mean free path length in the gas phase at temperature T , and T0 = 296.2 K.

Particle penetration is related to the PSD as

p(n) =
∫ ∞

0
P(D, n) f (D) dD (8.36)

For example, let us consider the function p(n) for a range of distribution widths
and the same averaged particle size. If these curves are plotted as functions of a
dimensionless parameter An, the screen number n may be represented as shown
in Figure 8.5. As is seen, all the curves start at the point p(n = 0) = 1 and then
diverge. It has to be noted that the curves do not cross anywhere except at the origin
point, meaning that the problem has a unique solution and the inverse problem
may be resolved.

The analysis of the experimental data includes the extraction from these curves
of information on the distribution parameters. This task may be successfully
undertaken, and reliable results obtained, in the case when the curves essentially
deviate from each other. On this basis, it can be concluded that the procedure of
conversion of the penetration data into size distribution parameters could be done
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more precisely if the diffusion coefficient values are involved. Then they could be
easily converted to corresponding particle sizes.

The problem is solved in parallel for the particle radius,

〈r〉 =
∫ ∞

0
r(D)f (D) dD (8.37)

and the distribution width,

〈σ 〉 =
√

〈r2〉 − 〈r〉2 (8.38)

These parameters provide comprehensive information to graph the particle size
distribution.

This approach was proposed in [23], where the final PSD was approximated
by a standard Laplace distribution as a function of the diffusion coefficient with
subsequent transformation into the corresponding particle size spectrum.

Equation (8.34) [19, 20] may be rewritten as

p(n, D) = e−A1nD2/3
(8.39)

where the constant A1 = A/2au0. It was supposed that n is large enough to allow
its substitution into (8.39) and the following use of the saddle point approximation
(8.36) to estimate the value of the integral.

The expression under the integral may be rewritten (8.36) as

eF(D) = e−A1nφ(D)+lnf (D) (8.40)

where φ(D) is the exponential part of the function p(n, D), which is dependent on D.
Substitution of (8.40) into (8.34) and integration of the saddle point approximation
for penetration yields

P(n) =
√

2π

�(D0)
eF(D0) (8.41)

and the position of the saddle point is calculated by

A1n = f ′(D0)

f (D0)φ′(D0)
(8.42)

Equations (8.41) and (8.42) can now be used to reconstruct the PSD.

8.5.2
Fitting of Penetration Curves

The main issue with the inversion is the unstable solution, which leads to the
transformation of small experimental errors into significant uncertainties of the
final solution. To overcome this obstacle (Eq. (8.36)), a method of fitting curves
could be applied. The main idea of the method is adjustment of the penetration
curves by experimental results. It could be realized by means of parameterizations
of the fitting curves. The penetration of a polydisperse aerosol through a diffusion
battery P(n) is represented as a function of two parameters,

P(n) = e−a1〈D〉2/3n+bσn3/2
(8.43)
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where 〈D〉 is the average diffusion coefficient, and σ is the average distribution
width. The coefficients a1 = A(2r0u0)−2/3 and b = 23.7 may be identified experi-
mentally, r0 is the radius of the screen fiber, u0 is the average flow velocity, and
A = 4.52 is the fan filter constant defined before.

Figure 8.6 presents the penetration curves as a function of the screen numbers,
and x = a1n was chosen as an independent value. Curves 1, 2, 3, and 4 corre-
spond to relative distribution widths σ/〈D〉 = 0.4, 0.5, 0.6, and 0.8, respectively.
These curves resemble the scenario presented in Figure 8.5, meaning that the
theoretical curves could be easily fitted to experimental data, which are defined by
(8.43).

The uncertainties associated with this strategy are related to experimental errors,
because, for integral measurements, diverse types of data acquisition have different
errors. To fit theoretical relations with experimental curves, the method of least
squares could be used.

This approach is mainly applicable in a case of a single-mode distribution. When
a distribution with two or more modes is considered, or when the distribution
width is relatively large, then this method cannot be used.

8.5.3
Transformation of the Integral Equation into Nonlinear Algebraic Form

Let us now consider another more reliable method of conversion of the measured
data into the PSD. The equation used for transformation of the particle penetration
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through the diffusion battery with n screens is

P(n) =
∫ ∞

0
e−AnD2/3

φ(D) dD (8.44)

where φ(D) is the diffusion coefficient distribution. Simple analysis of this equation
shows that, if new variables x = D2/3 are introduced, the equation could be
simplified, and the particle size increment may be expressed as

dN = N0φ(D) dD = N0ψ(x) dx (8.45)

Then Eq. (8.44) may be rewritten as

P(n) =
∫ ∞

0
e−Anxψ(x) dx (8.46)

If the dependence of the particle concentration on the particle size is a random
variable that is distributed by the defined expression, then any function of this
value is also a random variable that is defined by the same expression. This means
that the distribution of the variable x could be presented as a gamma distribution
with parameters calculated as

ψ(x) = λγ


(γ )
e−λxxγ−1 (8.47)

where 
(γ ) is Euler’s gamma function. Then Eq. (8.46) could be presented in the
form

P(n) = λγ


(γ )

∫ ∞

0
e−(λ+An)xxγ−1 dx (8.48)

After integration, the penetration function could be turned into a very simple form:

P(n) =
(

1 + An

λ

)−γ

(8.49)

Considering that there are only two unknowns involved, two experimentally
acquired values of the particle penetration would allow one to reconstruct the
single-mode PSD by substitution into formula (8.49) and to obtain the parameters
λ and γ , which are sufficient to plot the PSD graph. Moreover, the form of the
dependence (8.49) allows one to select unknown variables λ and γ , meaning that
complex solution of the system of nonlinear equations is not required. In contrast,
it turns into simple independent algebraic nonlinear equations. Let us illustrate
this approach.

Suppose that two measurements P1 and P2 of penetration values corresponding
to the screen numbers n1 and n2 respectively are made. For convenience, let us
introduce new dimensionless variable λ0 = λ/A. Then Eq. (8.49) may be rewritten
in dimensionless form as

P(n) =
(

1 + n

λ0

)−γ

(8.50)

From (8.49), it may be shown that

λ0 = n2

(1 + n1
λ0

)lnP2/lnP1 − 1
(8.51)
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and

γ = − lnP1

ln
[(

n1
n2

)
(P−1/γ

2 − 1) + 1
] (8.52)

Equations (8.51) and (8.52) may be used independently to calculate the parameters
λ and γ , respectively. Experimental verification demonstrated that this approach for
resolving the inverse problem gives reliable results for cases when the experimental
errors of penetration data are not large.

Figure 8.7 shows normalized penetration curves plotted as a function of the
dimensionless parameters x = An for three different distributions, which have the
same averaged particle size but varying σ/〈D〉. Figure 8.8 shows the distribution
curves for penetration results provided in Figure 8.7. All the distributions are
normalized to unity.

Various applications of particle size spectrum measurements and their analysis
in different environments, including laboratory experiments and atmospheric
studies, can be found in [2, 14–17, 24–26].

8.5.4
Effect of Experimental Errors on Reconstruction of Particle Size Distribution

Undertaking ideal measurements free of significant experimental errors is very
difficult in aerosol practice. As experimental errors are unavoidable, we try to
evaluate how they could impact on the reconstruction of the PSD. It is also important
to evaluate the magnitude of the error, which makes the results meaningless.
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Let us first analyse Eqs. (8.51) and (8.52). Assuming that the penetration value
P1 is acquired perfectly accurately, the uncertainty would only correspond to that
in P2. As P1 and P2 are independent parameters, this assumption would not refine
the problem.

The problem may be formulated as follows. For the gamma distribution, definite
parameters λ = 4 and γ = 4 were selected, meaning that 〈x〉 = 1 and σ = 0.5. On
this basis, using Eq. (8.49) allows one to calculate the penetration values P(x) for
x1 = 0.5 and x2 = 3, that is, P1 = P(x1) = 0.624 295 and P2 = P(x2) = 0.106 622.

It is important to know how the relative error �P1/P1 impacts on the calculated
parameters λ and γ , and especially on the values 〈x〉 and σ . The results of
corresponding investigation are presented in Figures 8.9 and 8.10.

As may be seen from Figure 8.9, the relative errors of the measured penetration
values (�P/P) lead to deviation of the distribution parameters λ and γ from their
former values. In practice, for relative errors �P/P > 0.05 the deviation is not
very large and measurements have sense. Beyond this limit, the deviations of the
reconstructed distribution parameters become large and measurements may be
considered as meaningless. At the same time, a departure of parameters λ and
γ takes place quite coherently, meaning that, in spite of the fact that there is
substantial deviation, their ratio remains relatively stable (see Figure 8.10). As is
seen, when parameters λ and γ deviate from their initial values by a factor of 40,
the average particle size deviates only by a factor of 0.25. Obviously, the deviation
of the distribution width remains very large.

The important conclusion of this consideration is that, if only the average particle
size is required from the experimental measurements, then �P/P = 0.1 would be
considered as a threshold allowing the final outcomes to be treated as meaningful.
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Figure 8.9 Effect of relative errors of the particle penetra-
tion measurement on reconstruction of λ (squares) and γ

(circles). As one can see, the parameter λ is more sensitive
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On the other hand, if the average particle size and distribution width are required,
then the errors ought to be limited to 0.05.

A similar picture is observed if the relative error �P/P < 0. In this case the
direction of the deviation of λ and γ remains the same, as is seen in Figure 8.11.

The dependence of the level of uncertainty on reconstructed average particle size
and distribution width preserves its shape similarly to the previous case (�P/P > 0)
only if the graphs are ‘‘flipped’’ as shown in Figure 8.12. As is seen, the tendency
of the relation between the calculated λ and γ as a function of �P/P remains the
same.

8.5.5
Reconstruction of Bimodal Distributions

In real situations, some aerosol systems could be generated by mixing of dif-
ferent streams produced by alternative sources. As a result, the PSD may have
multimodal nature, which reflects several contributing single-mode distributions.
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As an example, we can consider a bimodal distribution that is composed of two
distributions with average sizes 〈x1〉 = 2 and 〈x2〉 = 1, and widths σ1/〈x1〉 = 1

4 and
σ2/〈x2〉 = 1

2 , as presented in Figure 8.13. Curve 3 is the resulting distribution,
which consists of two single-mode distributions represented by curves 1 and 2. The
two distinct humps on curve 3 reflect the bimodal nature of this aerosol system.
A different scenario is presented in Figure 8.14. The resulting size distribution
(curve 3) does not have distinct modes, making it very difficult to state that it has
bimodal nature, which could result in misinterpreting curve 3 as a single-mode
distribution.

The strategy for the reconstruction of a bimodal distribution from raw experi-
mental results on the particle penetration could now be considered. Let us first
consider a bimodal distribution composed of two single-mode distributions:

f0(λ1, γ1, λ2, γ2, x) = α
γ

λ1
1


(γ1)
e−λ1xxγ1−1 + (1 − α)

γ
λ2
2


(γ2)
e−λ2xxγ2−1 (8.53)
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where α represents the first distribution with parameters λ1 and γ1, and (1 − α)
is related to the second distribution with parameters λ2 and γ2. Assume that
0 ≤ α ≤ 1, and the resulting distribution f0(λ1, γ1, λ2, γ2, x) is normalized to unity.

Using Eqs. (8.46) and (8.53), the penetration of the aerosol through the diffusion
battery may be written in the form

P(n) = α

(
1 + An

λ1

)−γ1
+ (1 − α)

(
1 + An

λ2

)−γ2
(8.54)

Now the parameters of the combined distribution, that is, λ1, γ1, α, λ2, and γ2, can
be calculated using the measured penetration data: P1, P2, P3, P4, and P5.

As discussed, the resulting system of five nonlinear algebraic equations with
five unknowns can be routinely solved by well-known contemporary numerical
methods. At the same time, it has to be noted that the equations utilize experimental
results that were acquired with some uncertainties, making the problem more
complicated. In this situation, it is convenient to use the functional relation
between the penetration data and unknown variables (8.54).

When x is relatively small and P(x) is comparable to 1, then it is mainly defined
by the second term of Eq. (8.54) supposing that λ1 < λ2. On the other hand, when
P(x) is much smaller than 1, then the dependence is defined by the first term.
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At the same time, Eq. (8.54) is linear relatively to α, requiring the penetration value
P3 to be used for calculations.

In summary, first, to estimate values of λ2 and γ2, the penetration results P1 and
P2 are substituted into Eqs. (8.51) and (8.52). Then, a similar substitution of P4 and
P5 into the same equations allows one to estimate λ1 and γ1. Finally, α is obtained
by

α = P3 − (1 + x3/λ1)−γ1

(1 + 3x3/λ1)−γ1 − (1 + x3/λ2)λ2
(8.55)

This approach can be used as the first approximation. To refine the results, a
standard procedure of serial approximations might be required.

8.5.6
Mathematical Approach to Reconstruct Bimodal Distribution from Particle
Penetration Data

Let us now see how the mathematical approach described in the previous section
works for reconstruction of bimodal PSD. First, we consider two distributions with
parameters λ1 = 32, γ1 = 64, λ2 = 4, γ2 = 4, α = 0.5, 〈x1〉 = 2, 〈x2〉 = 1, σ1 = 1

4 ,
and σ2 = 1

2 .
The graphical presentation of these distributions may be seen in Figure 8.13. As

discussed, the humps on curve 3 are very distinctive. Then the penetration values
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through the diffusion batteries may be calculated by Eq. (8.54). For example, at
x = An = 0.5, 1, 3, 20, and 40, the corresponding magnitudes of P are P = 0.498,
0.275, 0.0549, 0.000 386, and 0.000 0342. For this case, the first approximation gives
good results for average size. However, for the distribution width, the results are
not as good: 〈x1〉 = 1.52, 〈x2〉 = 1.28, σ1 = 0.76, σ2 = 0.65, and α = 0.656. The
distribution widths are too wide, as is seen in Figure 8.15. At the same time, several
iterating calculations allow to get desired correctness.

8.5.7
Solution of the Inverse Problem by Regularization Method

There are some other approaches to rectify the inverse problem if the equation
is unstable. Some of them are based on regularization of the unstable equation,
allowing one to get stable solutions [27–30]. Let us first formulate the equation as
an integral Fredholm equation [31, 32].

The penetration value through diffusion batteries may be calculated as

Pi =
∫ ∞

0
K(x, ni)f (x) dx + erri (8.56)

where Pi is the penetration through the battery with ni screens, K(x, ni) is the
kernel of the integral equation or penetration of the particles with size x through
the battery with ni screens, and f (x) is the PSD to be calculated. Indeed, this is
a Fredholm equation of the second type, which was modified from the first type
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equation by the addition of a term erri (error of experimental measurements). The
problem may then be formulated as

Pi =
∑

j

K(xj, ni)f (xj)�xj + erri (8.57)

where �xj is a fraction of the particle size. Introducing the definition K(xj, ni)�xj =
Ai,j allows Eq. (8.57) to be presented as

P = Âf + err (8.58)

where err is an error vector. Formally, the solution of the equation may be given as

f = Â
−1

P (8.59)

If Eq. (8.58) is linearly independent, then the inverse matrix Â
−1

exists in finite form
and the solution f is easy to find. At the same time, the diffusion dynamic method

advises that these equations are quasi-independent and Â
−1

turns into a singular
matrix. In this case, standard approaches to resolve the problem are inconsistent.
In addition, the random nature of the matrix err damages the equation. As a rule,
this matrix is not defined and alters for each particular measurement.

To overcome this problem, a regularization method proposed by Tikhonov was
used. This method can convert an ill-posed problem into a well-posed one. Then,
the procedure of smoothing is introduced and regularization by parameter λ could
be used. This regularization method may be explained as:

∑
i

(
Pi − ∫ ∞

0 K(x, ni)f (x)dx

erri

)
+ λJ = R(λ) + λJ(λ) (8.60)

which has to be minimized. The regularization criteria are as follows:

1) norm of distribution function

J =
∫ ∞

0
( f (x))2 dx (8.61)

2) norm of second derivative

J =
∫ ∞

0
( f ′′(x))2 dx (8.62)

3) entropy of distribution function

J =
∫ ∞

0
f (x) ln( f (x)) dx (8.63)

Taking the smoothing function in this form [27] allows one to reconstruct
the particle size distribution from penetration data containing large errors. This
approach may be combined with a method of nonlinear regularization called the
L-curve method [28]. For log-normal functions,

f (r) = 1
N

n∑
i=1

hi exp
[
− (log(r) − log 〈ri〉)2

2(log(σi))2

]
(8.64)
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where N is the total particle concentration, 〈ri〉 is the average particle size of
corresponding fraction, σi is the average distribution width (deviation), and hi is
the weight of the corresponding function.

In this case, the regularization problem is reduced to the minimization of the
functional (8.60), and the value

J =
∫

( f ′′(x))2 dx (8.65)

of the force distribution function is to be smooth.
The above methods may be used to reconstruct the distribution function. Some

other examples may also be found in other works [29, 30]. In these works the authors
concluded that, although the presented methods of handling inverse problem with
regards to the diffusion battery are capable of precisely reconstructing bimodal
distributions, they could not be used to reconstruct trimodal distributions. On the
other hand, distributions with three or more modes are not of great research and
technological interest in the area of aerosol science.

8.6
Conclusions

All the discussed approaches to handle the inverse problem for DAS and DMA
in the diffusion dynamic method have inherent advantages and drawbacks. To
accurately reconstruct the PSD from penetration data, complicated mathematical
tools have to be used, leading to increased impact of errors of measurements on
the reconstructed particle size distribution. These procedures could be stabilized
[29, 30, 33] if some restrictions are applied [34]. The main one is related to some
changes occurring between trapping efficiency and Peclet number,

η = 2.7 Pe−2/3 (8.66)

where Pe = 2aU/D is the Peclet number, η is the trapping efficiency of the particle
by a cylinder of radius a, and D is the diffusion coefficient of the particle. When
Pe < 10, Eq. (8.66) is not valid. This means that, during measurements undertaken
by the diffusion dynamical method, the linear velocity of the flow has to exceed
Pe > 10.

The other important issue is the assumption that the particle perfectly adheres
to the surface upon collision. It has been shown that very small particles with sizes
around 1 nm [14, 15] may rebound from the surface, meaning that the sticking
probability of these particles to solid surface deviates from unity. It was further
discussed [14, 15] that, in the case when the linear size of the surface is much
greater than the mean free path length, trapping of collided particles is almost
independent of the sticking probability. On the other hand, when particles are
trapped by fibers with sizes comparable with the mean free path length, used as
screens in the diffusion battery, then the problem becomes more complicated from
a mathematical point [14, 15, 35].
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In the case when DMA or DAS are involved for measurement of the particle
concentration, the low detection limit for particle size is about 1–3 nm. This
sensitivity limit depends on the chemical composition of the vapor used for particle
enlargement [36] and on the method of enlargement. To increase the sensitivity of
the equipment, the method of particle counting may be modified by replacement
of the CPC by devices capable of measuring the electrical charge of the particle [12].
However, the applicability of this method is limited, as measurements of ultra-low
current are associated with significant errors.
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9
History of Development and Present State of Polymeric
Fine-Fiber Unwoven Petryanov Filter Materials for Aerosol
Entrapment
Bogdan F. Sadovsky

There are a large number of methods and devices for entrapment of aerosol parti-
cles. Their use depends on the parameters of the disperse phase, the composition
of the dispersion medium, the required degree of purification, the capabilities of
the aspiration systems, and so on. In the case of fine aerosols, fibrous filters are
the most simple, reliable, and economically sound for the purification of air and
process gases [1]. This is especially important when it is necessary to purify toxic
aerosol toxic, radioactive aerosol radioactive, dangerous, and harmful aerosols. The
substances used by the present-day industry to manufacture fibrous materials have
a wide range of properties. These substances include glass, basalt, quartz, various
polymeric materials, cellulose, asbestos, metals, and so on [1, 2]. Petryanov filters
(PFs) occupy a special place in this long list of materials [3]. They provide a high
degree of removal of fine particles, including the most penetrating ones. At the
same time, their aerodynamic resistance is comparatively small, which confirms the
economic expediency of their use not only for the purification of incoming and
exhaust air and gases, but also in respirators for personnel protection in harmful
industries.

PFs present plates, cloths, or rolls of unwoven polymeric material consisting
of ultrathin homogeneous fibers arranged in two-dimensional disorder, placed
freely on the substrate plane (usually gauze) and unbound in places of contact
with each other. Owing to the loose layering and the presence of static charge, the
bulk porosity of such materials reaches 90–98%. This provides low aerodynamic
resistance at the usual industrial filtration rates of 1–10 cm/s.

The thickness of the layer of PF filtering material can vary from fractions of
a millimeter to several millimeters. When such filtering layers are pressed, their
thickness sharply decreases to the thickness of office paper; however, the resistance
to gas flow sharply increases at the same time.

The surface density, that is, the weight of unit area for different PF materials,
ranges from 10 to 50 g/m2. As these are unwoven light polymeric cloths, they
have greater flexibility and elasticity, while preserving their structure. This property
provides for their use in different articles, in particular, in individual protection
devices for the respiratory organs [4]. Another important quality of PF materials
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is the absence of debris or scraps of fibers, which can contaminate the dispersion
medium. Individual fibers have the length of hundreds of meters, and their strength
corresponds to that of the polymer.

The high efficiency of PFs is explained by the thickness of the fibers. It is known
that, the thinner the fiber, the higher the particle removal efficiency [5, 6]. Usually,
the thickness of the standard fibers used for manufacturing PFs varies between 0.6
and 7 µm. Fibers with the diameter of 1.5 µm are the most widely used. Such fibers
do not create large aerodynamic resistance at low packing density but provide high
efficiency of particle entrapment.

The large quantity of products that are manufactured under the name of
‘‘Petryanov filters’’ results not only from the great demand for and applications of
these materials, but also from the relative simplicity of the process and instruments
used in this method.

The method of electrohydrodynamic formation of polymeric fibers, sometimes
called electrospinning, was developed in the USSR by Petryanov, Rosenblum, and
Fuchs in 1937 [7, 8]. Academician Igor Vasil’evich Petryanov [9] made the greatest
contribution to the development and industrial implementation of the technique,
and to the following studies of the properties of the materials produced. That is why
in the 1950s, for their merits in the area of industrial and scientific applications and
the great benefit of using these polymeric unwoven fine-fiber materials by industry
workers as well as the contribution to the preservation of the country’s ecology,
they were named Petryanov filters.

As it turned out, in the course of the studies of PF materials, their areas of
application include almost all sections of existing industries. Their high efficiency,
low aerodynamic resistance, low weight, high elasticity, and the possibility of their
use in aggressive media and individual protection devices for respiratory organs,
for analytical purposes, and in a number of untraditional cases where filtration is
needed, attracted proper attention to PF materials and products based on them. At
present, hundreds of thousands (even millions) of cubic meters of both incoming
and process air are subjected to fine purification on PF filters in the atomic and
chemical industries, medicine, and biotechnology; PF materials are used for the
protection of human respiratory organs [3, 4, 7, 10].

The theory of aerosol filtration by fibrous filters is now quite fully described,
and, knowing the parameters of the filtering layer and the filtration conditions,
the efficiency of filtration filter efficiency and the resistance of the fibrous layer
can be theoretically calculated for particles of any size [5, 6, 10, 11]. The theory
and experience demonstrate that the resistance of fine-fiber PF materials to air
flow is proportional to the filtration rate. For the most popular material PFP-15,
this regularity is preserved at rates up to approximately 10 m/s, for PFP-70 and its
analogs up to approximately 3 m/s [12]. When several layers of PF material are used,
their total resistance will be equal to the sum of the resistances of the initial layers.

The filter efficiency for aerosol removal is usually taken as the sum of the
different mechanisms of particle capture by a single fiber with subsequent use
of this parameter for determination of the total filter efficiency [5]. A number of
mechanisms, including diffusion, electrostatic removal, inertia, gravitation, and
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Figure 9.1 The dependence of filtering effect coefficient of
PFP-25 material on aerosol particle size at different filtration
rates. The numbers on the curves are air velocity (cm/s).

interception, could contribute to particle removal, depending on the properties of
the filter medium, particle, and gas carrier.

It is convenient to evaluate the quality of the filtering material by the value of
the α-coefficient of the filtering effect. The expression for the representation of this
coefficient can be written as K = 10−[�p], where [�p] is the standard resistance of
the material at a flow rate of 1 cm/s, and K is the particle breakthrough. The value of
α is convenient for operational evaluation of a filtering material. For breakthrough
of the aerosol through a filter layer with [�p] = 1 mm H2O, if α = 1, then K = 10%;
if α = 2, K = 1%, if α = 3, K = 0.1%, and so on.

Figure 9.1 shows the trend of the curves characterizing the degree of particle
removal by Petryanov filter PFP-25 for different air flow rates. All the curves have
a minimum. This means that at certain flow rates, depending on the sizes of
particles, their breakthrough will be maximal. High flow rates of up to 2 m/s and
more are often used in stationary systems for air air purification and gas purification
as well as for aerosol sampling onto analytical filters. Under these conditions, the
effect of the inertial mechanism of particle entrapment significantly increases,
as shown in Figure 9.2. These curves were obtained on monodisperse aerosols.
Similar to the curves in Figure 9.1, there are minima on the curves, meaning that
there are regions of increased breakthrough of particles, which should be taken
into account when determining the requirements for aerosol removal systems [13].

Application of PF materials under high-temperature conditions is determined by
the composition of the polymer of which the PF fibers are made. Under negative
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temperature conditions, PF fibers preserve their structure and can be used for the
filtration of both gas and liquid flows, down to the temperature of liquid helium.

Perchlorovinyl is the most widely used for standard atmospheric temperatures.
This polymer is used quite universally, as its high chemical stability in both alkaline
and acidic media allows for filtration of aggressive aerosols. At temperatures of up to
60 ◦C perchlorovinyl has no competitors. Fibrous PF materials of acetyl cellulose,
polycarbonate, polyacrylonitrile, polyfluorostyrene, polyarylate, and other polymers
can be used at high temperatures.

The effect of pressure on the efficiency of entrapment of aerosol particles is asso-
ciated mainly with the change in the viscosity of the dispersion medium. However,
the efficiency change is noticeable only at very high pressures and low vacuum.

The range of PF materials developed up to now includes about 50 names [8].
However, the main product manufactured at millions of square meters is the
material designated PFP-15-1.5. In this designation, the first two letters denote
Petryanov filter, and the third and fourth (if present) letters denote the name
of the polymer of which the ultrathin fibers are made – for example, P means
perchlorovinyl, A is cellulose diacetate, C is polystyrene, AN is polyacrylonitrile, AR
is polyarylate, FS is polytrifluorostyrene, ID is polyimide, SF is polysulfone, C is
polycarbonate, and so on. The first set of digits after the letter symbol(s) and the
hyphen show the values of the mean or the maximal diameter of the fiber in tenths
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of a micrometer. A fraction, for example, 3/20, denotes a mixture of fibers with
different mean diameters. Finally, the last digit(s) after the second hyphen denote
the aerodynamic resistance of the fibrous layer in millimeters water column (mm
H2O) to air flow at the rate of 1 cm/s.

PF materials are used mainly in three areas: (i) fine purification of air and gases
for industrial and technical purposes; (ii) manufacture of respirators in individual
protection devices for respiratory organs; and (iii) analytical purposes. A large
amount of PF material is used in the electrical device manufacturing industry,
in particular, as separators of chemical current sources, mainly cadmium–nickel
accumulators.

The first mass application of PF materials took place at the end of the 1930s
when they were used in gas-masks and were called war filters [8]. In industry,
PFs are mainly used at nuclear facilities to provide protection of the atmosphere
against radioactive aerosols produced extensively in practically all the stages of raw
radioactive material processing up to the end-product.

The first filters presented reservoirs in which PF materials were used in the
form of hoses on frameworks. The second stage of application of PF materials was
the creation of filters of LAIK type [10, 14] in which PF material was laid between
�-shaped frames. Separators were placed between the layers of filtering material.
In filters of this type, it was possible to develop a large filtration area, up to 100 m2

per 1 m3 of volume. The embodiments of filters differed depending on the purpose,
productivity, and operating conditions [10]. Large amounts of PF material were
used for input ventilation and for purification of hazardous industrial wastes.

Frequently, PF materials have been used to provide the pure, practically sterile,
atmospheric medium required in facilities involved in the production of bioproducts
or ultra-pure chemicals, in microelectronics, and many other areas. Hose filters
are used to operate allergen-free rooms in medical institutions to ensure reliable
protection against allergens. PF materials were used in live stream-sterilized filters
for antibiotic production. We could give dozens of examples of various applications
of PF materials for gas purification [8].

Owing to its unique properties, the standard PF material of PFP-15-1.5 grade
is mainly used in respirators of ‘‘Lepestok’’ type. This material carries large elec-
trostatic charge on the fibers and preserves it for several years. Efficient, light,
and convenient individual protection devices for respiratory organs were created
due to the above fact in combination with small aerodynamic resistance [3, 4, 15].
Weighing only 10 g, the ‘‘Lepestok’’ respirator provided protection against radioac-
tive and other toxic aerosols of all sizes with 99.5% efficiency at a respiratory
resistance of only 3–4 mm H2O. The above efficiency is provided for the most
penetrating particles – that is, all the rest are entrapped with a higher efficiency.
The PF material, which does not irritate the skin, is used in the respirator. The
‘‘Lepestok’’ respirator is intended for a single 8 h shift when used to protect against
radioactive and toxic aerosols. For some aerosols and coarse dust, it can be used
many times.

If the marking on the respirator of the basic model is ‘‘Lepestok-200,’’ it means
that it provides protection and reduces the concentration of inhaled aerosols by 200
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times. A certain portion of the manufactured ‘‘Lepestok’’ respirators were created
based on the PFP-70-0.5 and PFP-70-0.2 materials, of which ‘‘Lepestok-40’’ and
‘‘Lepestok-5’’ respirators are made. At lower respiratory resistance, they reduce
the concentration of aerosols with a diameter of 0.3 µm by factors of 40 and
5, respectively. This means that they can be used under conditions of lower air
pollution and lower concentrations of radioactive and toxic aerosols.

Various designs of respirators with PF materials have been developed and are
used nowadays. There exists a diversity of powder–gas respirators ‘‘Lepestok-A,’’
‘‘Lepestok-Apam,’’ ‘‘Snezhok-KM,’’ and others for protection in the case when,
besides aerosol, the air contains radioactive or toxic gases such as iodine, ruthenium,
and so on.

‘‘Lepestok’’ respirators displayed high qualities when they were used during the
accident at the Chernobyl Nuclear Power Plant (see Chapter 6). Independent US
examination [13] confirmed the advantage of PF materials over those used for
respirators and analytical purposes abroad.

Widely used analytical aerosol filters (AFAs) were developed based on PF
materials [6, 16]. They are made in the form of disks with a working surface of 3, 10,
or 20 cm2. They can be used to perform weight, radiometric, chemical, bacterial,
radiospectrometric, radiographic, and dispersed analyses. Analytical filters are
completed with protective paper rings to exclude contamination of the material
edges in the filter holder. AFA filters are placed into a filter holder together with
protective rings, and after sampling these rings are disposed of.

The filter marking reflects its purpose, and the polymer of which the fibers
and the working surface are made. For instance, AFA-HA-20 filters are used for
chemical (radiochemical) analysis; they are made of cellulose acetate and have a
working surface of 20 cm2. AFA-PRMP-20 filters are used in the atomic industry.
These filters are intended for radiometric analysis of aerosols. They are made of
perchlorovinyl and have a working surface of 20 cm2. Radiometric AFA-RSP filters
are made of perchlorovinyl and are used for alpha-radiating aerosols. The front
layer of such a filter consists of fibers with a diameter of 0.3–0.5 µm.

Analytical sorbing filters of AFAS type can be used to analyze polonium,
ruthenium, iodine, the vapors of acids and alkalis, hydrogen sulfide, ammonia,
and other substances. The amount of fine sorbent (charcoal) in such a filter
makes up several milligrams per square centimeter. The filter efficiency is more
than 99% for the vapor phase and not less than 96% for the most penetrating
particles (Figure 9.3) [6]. Usually, a pack of multilayer filters consists of three
analytical AFA filters and three sorbing AFAS filters. Such filters were used to
analyze the radioactive aerosols that emerged as a result of the Chernobyl disaster
[6, 7, 12]. Filtering analytical tapes are manufactured to select and analyze aerosols
in radiometric and spectrometric devices. They were created on the basis of PF
filtering material and present tapes of solid even layers of fibrous material made
of ultrathin perchlorovinyl fibers glued together. The tape edges are sintered into
a 5 mm-wide blister. The total width of the manufactured tapes comes to 50 or
25 mm. The tapes are supplied in rolls 50 or 20 m long. Filtering tapes of three
types (NEL-3, NEL-4, and LFS-2) are manufactured for specific purposes [2, 6, 8].
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Figure 9.3 The dependence of efficiency of entrapment of
standard oil fog (the particle radius is 0.15–0.17 µm) on the
flow rate for AFAS-I filters.

The sorption filtering SFL tapes are used for complex entrapment of aerosols and
vapors of radioactive and hazardous chemical substances [6, 8].

The application of PF materials is not limited to the area of filtration of
aerodispersion systems and the removal of harmful admixtures from gas media.
Owing to their universal properties, thin-fiber unwoven polymeric materials can
be used in cases when their structure and physico-chemical characteristics allow
the solution of problems in electrochemical, electronic, biological, and medical
areas, fulfilling the tasks of filtration of liquids, and the creation of heat-insulating
materials.

For instance, on the basis of PF materials, systems for the purification of aviation
fuel and the control of moisture content of the fuel have been developed and
used [7]. In the food industry, PF materials provide filtration of juices, wines, and
oils [7, 8]. There is some experience of using PF for filtration of photoemulsions
in the area of the production of light conductors, in the production of liquid
oxygen and nitrogen, and for the filtration of vapor–liquid systems where PF
materials also provide heat-insulating protection. Owing to the fact that the pore
diameter in PF materials is close to the mean free path of air molecules, they are
excellent insulators. For instance, thin gloves made of PF material allowed manual
adjustment of devices at a temperature of −50 ◦C to be carried out. In medicine, the
materials are used for sterile dressings, and, with sprayed drugs, for the treatment
of open wounds. There is experience of treating burn surfaces by direct application
of ultrathin fibers to damaged spots. The capabilities of PF materials are really
unlimited.



282 9 Polymeric Fine-Fiber Unwoven Petryanov Filter Materials for Aerosol Entrapment

References

1. (a) White, P. and Smith, S. (eds) (1964)
High-Efficiency Air Filtration, Butter-
worths, London; (b) White, P. and
Smith, S. (eds) (1967) High-Efficiency Air
Filtration, Atomizdat, Moscow.

2. Ogorodnikov, B.I. (1973) Entrapment of
Radioactive Aerosols by Fibrous Filtering
Materials, Central Research Institute
Atominform, Moscow.

3. Petryanov, I.V., Kozlov, V.I., Basmanov,
P.I., and Ogorodnikov, B.I. (1968) PF
Fibrous Filtering Materials, Znaniye,
Moscow.

4. Petryanov, I.V., Koshcheev, V.S. et al.
(1984) ‘‘Lepestok’’ (Light Respirators),
Nauka, Moscow.

5. Fuchs, N.A. (1955) Mechanics of Aerosols,
Publishing House of USSR Academy of
Sciences, Moscow.

6. Budyka, A.K. and Borisov, N.B. (2008)
Fibrous Filters for Air Pollution Control,
Izdat, Moscow.

7. Druzhinin, E.A. (2007) Production and
Properties of Petryanov Filtering Materials
Made of Ultrathin Polymeric Fibers, Izdat,
Moscow.

8. Filatov, Y.N. (1997) Electric Formation of
Fibrous Materials (EFF-Process), Oil and
Gas Publishers, Moscow.

9. Petryanov, I.V. (1999) About Myself and
My Work, About Him and His Work,

Series ‘‘Makers of Nuclear Age’’, Izdat,
Moscow.

10. Basmanov, P.I., Kirichenko, V.N.,
Filatov, Y.N., and Yurov, Y.L. (2003)
High-Efficiency Removal of Aerosols from
Gases Using Petryanov Filters, Nauka,
Moscow.

11. Fuchs, N.A. and Stechkina, I.B. (1962)
On the theory of fibrous aerosol filters.
USSR Acad. Sci. Rep., 147 (5), 1144.

12. Ogorodnikov, B.I. and Basmanov, P.I.
(1965) The Basis of Application of Fi-
brous Filtering PF Materials. Radioactive
Isotopes in Atmosphere and Their Use in
Meteorology, Atomizdat, Moscow.

13. Ogorodnikov, B.I. et al. (2008) Ra-
dioactive Aerosols of the Site Ukrytiye,
1986–2006, Ukrainian NAS, Chernobyl.

14. Kirichenko, V.N., Yurov, Y.L., Efimov,
I.M., and Petryanov-Sokolov, I.V. (1993)
Flow and filtration of gases through
penetrable walls of channels. USSR
Acad. Sci. Rep., 329 (5), 562.

15. Basmanov, P.I., Kaminsky, S.L.,
Korobeinikova, A.V., and Trubitsyna,
M.E. (2002) Individual Protection
Devices, Manual, Publishing House
Russian Art, St. Petersburg.

16. Basmanov, P.I. and Borisov, N.B. (1970)
AFA Filters (Catalogue–Handbook),
Atomizdat, Moscow.



283

10
Deposition of Aerosol Nanoparticles in Model Fibrous Filters
Vasily A. Kirsch and Alexander A. Kirsch

10.1
Introduction

Investigation of the deposition of aerosol nanoparticles in fibrous filters is of
great importance for the theory and practice of gas cleaning. The main physical
mechanism of particle deposition within modern highly efficient fine fibrous filters
is the Brownian shift of particles from the streamlines toward the surface of the
fibers. For the efficient deposition of nanoparticles, especially upon ultra-fine fibers,
along with diffusion, other effects are significant: interception of particles of finite
size, action of external forces, confined flow gradient, and gas slip on the surface
of ultra-fine fibers. Qualitative studies of the process of filtration of gases carrying
submicrometer particles have a long history, but no theoretical description for
this multi-parameter problem has yet been developed. The difficulties are mainly
related to an undefined filter structure and, thus, undefined flow field of the real
filter. In order to exclude the influence of any inhomogeneity of the inner structure
of the filters, theoretical and experimental investigations are conducted on model
filters with known flow field [1–3]. As model filters, single or multiple rows of
parallel circular cylinders, oriented perpendicular to the flow direction, have been
used for many years. Intensive theoretical investigations of the flow of aerosols
in model filters at low Reynolds numbers were performed in [4–9] during the past
decade.

The necessity for conducting such investigations stems from the fact that, for
computations of particle deposition, some knowledge of the actual flow field is
needed, for regions both near to and far from the fibers. The pressure drop and
the particle deposition on fibers are strongly dependent on the mutual complex
arrangement of the fibers within the filter. Advances in computational fluid
dynamics (CFD) make it possible to model any kind of flow in very complex
geometries, but the fiber arrangement in real filters cannot be precisely quantified
by any independent method. Thus, if the geometry is unknown, CFD cannot be
used. Moreover, for experimental investigation of nanoparticle deposition, precise
knowledge of the geometric parameters of the filters is also required. Only model
filters provide such information. Finally, no universal approach is known for
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the description of hydrodynamics in modern filters having fibers with diameters
comparable with the mean free path of the gas molecules.

It should be noted that, starting with the work of Langmuir [10], the theory of
filtration was constructed based on the model of a single fiber, initially isolated,
placed in an infinite Lamb flow [10, 11], and later it was based on the Stokes flow
(creeping flow) and on the so-called cell model [12]. In the cell model, the fiber is
located at the center of the fluid concentric envelope. The influence of neighboring
fibers is accounted for by the boundary conditions imposed on the outer cell
boundary. It was assumed that the concentration is remixed and thus is uniform
before every subsequent layer of fibers. This is not usually the case in practice,
and hence another practically insuperable obstacle (even for model filters) arises,
namely, the difficulty in providing corresponding precise experimental conditions.
The required remix of the concentration behind any row of fibers is not attained
because of the small Brownian mobility of particles, even for submicrometer sizes.
The diffusional trace behind the fibers is always present. It is handled with the help
of numerical modeling, enabling one to quantify a field of concentration and to
predict the fiber collection efficiency if the inner arrangement of the fibers is known.
If the inner structure is not known, then no averaging approaches, generalizations,
or analogies are applicable.

As shown by our investigations, and emphasized in [2], the resistance to flow of
two filters may differ by more than 100%, even if they are similar in appearance,
have the same thickness and porosity, are made of fibers of equal diameter, are
optically uniform, do not have hidden or open defects, and are tested under the
same conditions, but the fibers in the suspension had different dispersion. Thus,
the collection efficiency will be different in the same manner for these filters. Such
a sharp dependence of the filtering properties of fibrous materials on the inner
structure is caused by the varying flow field within the filters, which is a problem
of hydrodynamics at low Reynolds numbers [2].

A filter with a regular hexagonal arrangement of parallel fibers placed normally
to the flow direction was found to be a convenient model. As was identified
experimentally and numerically, the flow field in this filter [13] coincides very
closely with a simple analytical solution suggested by Kuwabara [14] within the
framework of the cell model. The dimensionless stream function Ψ for the flow in
the cell (Figure 10.1) expressed via the dimensionless polar coordinates r, θ is [14]

Ψ = (
Ar−1 + Br + Cr ln r + Dr3) sin θ

A = (2 − α) C/4, B = − (1 − α) C/2

C = (−0.5 ln α − 0.75 + α − 0.25α2)−1 D = −αC/4 (10.1)

The components of the velocity vector u are:

ur = −r−1∂Ψ /∂θ uθ = ∂Ψ /∂r (10.2)

The dimensionless cell radius is related to the filter packing density α as b/a = α−1/2.
Here the fiber radius a, constant uniform velocity of incoming flow u, and
uniform inlet concentration of aerosol particles are chosen as scaling parameters.
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Figure 10.1 (a) Examples of stochastic particle trajectories
in the cell with α = 0.01 [15]. (b) Computational rectangular
region with uniform grid obtained from the coaxial cell (a)
with the help of the conformal transform r = exp(z).

Experimental and theoretical investigations devoted to the Kuwabara cell model are
described with details in [1–3].

The remix of concentration behind (before) any layer of fibers is expected for
particles with high diffusional mobility only. The only known experimental data
on the deposition of nanoparticles with radius lower than 10 nm in model filters
with known flow field were obtained in two works [16, 17]. The conditions in these
experiments correspond to the regime of purely diffusional deposition, when the
contributions from all other mechanisms of deposition are negligibly small.

Formulas for the collection efficiency of point-like particles (nanoparticles) were
found by Natanson for an isolated cylinder [11] and by Fuchs and Stechkina for a
system of parallel cylinders [12]:

η = 2.9k−1/3Pe−2/3 (10.3)

where η is the fiber collection efficiency, and Pe = 2au/D is the diffusional Peclet
number. The hydrodynamic factor k in Eq. (10.3) is related to the drag force F∗

acting on unit length of the fiber:

F∗ = 4πµu/k (10.4)

where µ is the gas dynamic viscosity, and * denotes dimensional variables. Here
k = 2 − ln Re for an isolated cylinder, and k = −0.5 ln α − 0.75 + α − 0.25α2 for a
hexagonal lattice (and for the Kuwabara cell) at low Reynolds numbers, Re � √

α.
The fiber collection efficiency is found by integration of the normal component

of the density of the overall flux of particles jr over the surface of the fiber at r = 1:

η = 2Pe−1
∫ π

0
jr(1, θ )dθ (10.5)

The filter efficiency E is given by the formula

E = 1 − exp(−2aLη) (10.6)
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where L = lH, l = α/πa2 is the fiber length per unit volume of the filter, and H is
the filter thickness. The density of the total flux of particles consists of diffusion
and convection components, that is,

j = −2Pe−1∇n + un (10.7)

where u is the flow velocity vector, and n is the dimensionless particle concentration,
found from the stationary convection–diffusion equation:

∇j = 2Pe−1�n − (u · ∇)n = 0 (10.8)

Rewritten in polar coordinates, Eq. (10.8) is

2

Pe

(
∂2n

∂r2
+ 1

r

∂n

∂r
+ 1

r2

∂2n

∂θ2

)
− ur

∂n

∂r
− uθ

r

∂n

∂θ
= 0 (10.9)

It is not possible to solve Eq. (10.9) analytically for the case when the flow velocities
are functions of the coordinates. At high Peclet numbers, the contribution of
diffusion to the tangential flux of particles is small, and it is possible to omit the
term ∂2n/∂θ2 in Eq. (10.9). As a result, the elliptic equation is reduced to a parabolic
one, which has been commonly considered in the theory of aerosol filtration.

Formula (10.3) was obtained in the boundary-layer approximation (at conditions
η � 1 and Pe � 1) by an expansion in terms of a small parameter – the thickness
of the boundary layer, δ ∼ Pe−1/3. This formula was found to agree down to
Pe ≈ 1 with experimental data obtained with monodisperse nanoparticles with radii
varying in the range rp = 1.5–8 nm in the model filter with hexagonal structure
with α = 0.01 [16]. Later experiments [18] on the deposition of nanoparticles in
model filters with low packing density have shown that the dependence is valid
down to smaller values of Pe, namely, to Pe = 0.1. The next term of the expansion
in δ was accounted for in the solution performed by Stechkina [19]. Hence the
sharper increase of the fiber collection efficiency with decrease of Pe was shown to
be

η = 2.9k−1/3Pe−2/3 + 0.624Pe−1 (10.10)

However, the accuracy of experimental observations was too low to compare
with Eq. (10.10) in the range of small Pe. It is important to note that the
functional dependence (Eq. (10.4)) remains unchanged down to small Pe and
high fiber collection efficiencies but only for highly porous model filters. For
dense fibrous filters the dependence η ∼ Pe−2/3 for Pe ∼ 1 is not valid. This was
found experimentally for rows of parallel fibers in [17], which reported that, for
Pe � 1, the fiber collection efficiency tends to its limit, η = h/a, where h is half the
distance between neighboring fibers. Later, the existence of this geometrical limit
was confirmed analytically and numerically [15, 20–23]. Analytical formulas were
derived for the particle collection efficiency for the case of Pe � 1 for the cell model
flow field [20], and for flow past a row of parallel fibers [21]. Later, the deposition
of nanoparticles within loose and dense model filters for a wide range of Peclet
numbers was studied [15, 23], where Eq. (10.9) was solved numerically with and
without taking account of the term ∂2n/∂θ2.
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This chapter will discuss the diffusional deposition of point particles in model
filters with different structures, composed of different fibers, including ultra-fine,
elliptic, strip-like, permeable porous, and composite (covered with porous perme-
able layers) fibers.

10.2
Results of Numerical Modeling of Nanoparticle Deposition in Two-Dimensional
Model Filters

10.2.1
Fiber Collection Efficiency at High Peclet Number: Cell Model Approach

The convection–diffusion equation (Eq. (10.9)) was solved by the method of finite
differences in a symmetric half-cell [1 . . . b, 0 . . . π ] (Figure 10.1a) at the conditions
of full adsorption on the fiber surface and uniform concentration at the outer
cell:

n(1, θ ) = 0 and n(b, θ ) = 1 (10.11)

For better convergence of the solution, it is convenient to find the concentration at
the front stagnation line θ = 0 (the angle is directed clockwise),

n(r, 0) = c(r) (10.12)

where c(r) is the solution of the following ordinary differential equation:

2

Pe

(
∂2c(r)

∂r2
+ 1

r

∂c(r)

∂r

)
− ur (r, 0)

∂c(r)

∂r
= 0

c(1) = 0, c(b) = 1

For the region of the diffusional trace at θ = π , the approximate condition for the
concentration is n(r, π ) = 0. After the change of variable r = exp(z), the problem is
solved on the rectangular region (Figure 10.1b). Equation (10.9) assumes the form

∂2n

∂z2
+ ∂2n

∂θ2
− ∂

∂z

(
c(1)n

) − ∂

∂θ

(
c(2)n

) = 0

c(1) = ezuz
(
ez, θ

) Pe

2
c(2) = ezuθ

(
ez, θ

) Pe

2
(10.13)

Here, the uniform grid in the rectangular region corresponds to the non-uniform
grid that becomes gradually denser toward the fiber surface. The given approach
provides a better resolution of the boundary layer adjacent to the fiber, and is able
to compute the fiber collection efficiency with higher accuracy, which is important
for the case of small collection efficiencies at high Peclet numbers (thin diffusional
boundary layer).

At high Pe the convection–diffusion equation is singularly perturbed, and its
solution varies sharply within a thin boundary layer near the fiber and through the
diffusional trace behind the fiber, being almost unchanged within the region of
uniform concentration. For numerical solution of such equations, special methods
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Table 10.1 Fiber collection efficiencies for the
fiber-in-cell model [15]: ηe is found by solving the elliptic
convection–diffusion equation (Eq. (10.9)); ηp is found from
the solution of the parabolic equation (Eq. (10.9)), where
∂2n/∂θ2 ≈ 0; and η is found by the formula (10.3) at Pe > 30
and formula (10.10) at Pe ≤ 30.

α Pe 3000 300 30 3

0.01 ηe 0.0121 0.0574 0.2773 1.3989
ηp 0.0117 0.0556 0.2760 1.4090
η 0.0120 0.0558 0.2796 1.4095

0.3 ηe 0.0244 0.1134 0.5238 –
ηp 0.0240 0.1130 0.5230 –
η 0.0276 0.1300 0.6145 –

should be used [24, 25]. We have employed a monotonic conservative scheme of
second order defined on the five-point stencil on the shifted grid [25]. This scheme
was used in [15, 23, 26]. The resulting system of linear algebraic equations was
solved by the matrix sweep method (Thomas algorithm) [27]. Here, the method of
lines [28] is also applicable, which reduces the dimension of the problem. The
boundary-value problem for the partial differential equation is reduced to the
boundary-value problem for a system of ordinary differential equations.

The comparison of the fiber collection efficiencies obtained from the solution
of the elliptic and parabolic convection–diffusion equations and calculated by
Eqs. (10.3) and (10.10) is presented in Table 10.1.

The comparison of the computed fiber collection efficiencies with experimental
data [16] is given in Figures 10.2 and 10.3. The experiments [16] were performed at
low Reynolds numbers, when Eq. (10.1) is applicable. For the case of loose filters
with small α, the neglect of tangential diffusion (neglect of the term with ∂2n/∂θ2)
in Eq. (10.9) practically does not affect the answer for intermediate and large values
of Pe. For dense filters, the solution of the parabolic convection–diffusion equation
at Pe < 100 gives a lower estimate for the fiber collection efficiency (curve 4,
Figure 10.2) relative to that found from the elliptic equation (curve 3). From the
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Figure 10.2 Dependence of the fiber col-
lection efficiency on the Peclet number for
model filters with packing density α = 0.27
(3, 4) and α = 0.05 (5) [15]. The experi-
mental data [16] are for rp = 5.5 nm (1)
and rp = 7 nm (2).
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Figure 10.3 Dependence of the
fiber collection efficiency on the
Peclet number for model filters with
packing density α = 0.13 (1) and
α = 0.01 (2) [15]. The experimental
data [16] are for rp = 4.1 nm (3),
rp = 7.0 nm (4), rp = 5.5 nm (5),
rp = 1.5 nm (6), rp = 1.8 nm (7),
rp = 6.0 nm (8), and rp = 8.3 nm
(9).

figures one can see a good agreement of the computed results with the experiments,
including the case of fairly dense fiber lattices (α = 0.27). From Table 10.1 it is
also seen that the obtained fiber collection efficiency values η agree well with those
computed by Eqs. (10.3) and (10.10).

The use of the cell model for estimating the fiber collection efficiency for model
filters has difficulties connected with the selection of the proper boundary condition
at the outer cell boundary. The commonly used condition of uniform concentration
n(b, θ ) = 1 is not applicable for the region of the diffusional trace. However, as
shown by simulations, the use of this approximate condition far from the cylinder
at the entire circular boundary at high and intermediate Pe numbers does not affect
the field of the concentration near the fiber and thus the fiber collection efficiency.

10.2.2
Fiber Collection Efficiency at Low Peclet Number: Row of Fibers Approach

For the investigation of the deposition of particles with high diffusional mobility at
low Pe, a more suitable model filter was considered, that is, a row of parallel fibers
(Figure 10.4). The field of the concentration in the row of fibers was found from
numerical solution of the convection–diffusion equation written in rectangular
coordinates x, y:

∂2n

∂x2
+ ∂2n

∂y2
− ∂

∂x

(
c(1)n

) − ∂

∂y

(
c(2)n

) = 0

c(1) = ux
Pe

2
, c(2) = uy

Pe

2
(10.14)

Here, the linear scales are a, u, and n0. The following boundary conditions were
used: n = 1 at x = –X (�1), n = 0 at x2 + y2 ≤ 1 (�2), ∂n/∂y = 0 at y = ±h/a (�3),
and ∂n/∂x = 0 at x = X (�4), where 2X is the length of the computational cell.

The convective velocities are given by the analytical solution of Miyagi [29], who
gave the answer for velocity components as a series expansion with only the first
few terms published. The velocity is not zero exactly on the fiber surface, and the
corresponding error increases with the packing density. It should be noted that the
use of semi-analytical methods of boundary collocation [30] (where the no-slip or
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Figure 10.4 Field of concentration in a row
of fibers: h/a = 7.506, Pe = 1 [15]. The
computational region is depicted schemati-
cally by dashed lines.

slip boundary conditions on the fiber surface are exactly satisfied) provides better
accuracy for the velocities near the fiber surface.

Equation (10.14) was solved on the elongated rectangular region with the help of
the iterative domain decomposition method [31] on the rectangular uniform grid
with boundary conditions of the high-order interpolation type for the nodes adjacent
to the boundary nodes on (or within) the curved fiber surface. The finite-difference
scheme from [25] was used. In order to minimize the error on the fiber surface
and to resolve the concentration boundary layer properly, the solution obtained was
improved on the fine grid within the coaxial circular domain containing the fiber
by the algorithm described previously for the cell model.

Given in Figure 10.5 are the experimental results [17], where monodisperse
nanoparticles with radii rp = 0.7–2 nm have been deposited in model filters (rows
of parallel wires) with 2a = 8.9 µm and 2h = 66.8 µm. Here, these data are
compared with the results of computations by Eq. (10.3), where for an isolated row
of fibers the hydrodynamic factor was expressed as [29]

k = 4π

F
(10.15)

where

F = 8π

(
1 − 2 ln 2t + 2

3
t2 − 1

9
t4 + 8

135
t6 − 53

1350
t8 + · · ·

)−1

t = πa

2h
(10.16)

In this figure, curve 1 was plotted by the simulation results on the basis of
Eq. (10.14). As is seen from Figure 10.5, agreement between theory and experiment
is observed over the whole range of Peclet numbers.



10.2 Results of Numerical Modeling of Nanoparticle Deposition in Two-Dimensional Model Filters 291

8

6

4

2

0.01 0.1 1 10

1

1

h

Pe

4

3

2

- 5

Figure 10.5 Fiber collection efficiency versus
Peclet number for the model filter (a row
of parallel fibers) [15]. Curves 1 and 2 are
plotted from the numerical solution of the
convection–diffusion equation (10.14) with

Miyagi convective velocities [29] (1) and for
the uniform flow approximation, u = {1, 0}
(2). Curve 3 is plotted by Eq. (10.17), and
curve 4 by Eqs. (10.3) and (10.15). Points 5
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The case of low Peclet numbers (curves 2 and 3), when diffusion prevails over
convection, is interesting not only for aerosol filtration but also for adsorption
and catalytic gas cleaning from molecular impurities. Curve 2 was calculated by
Eq. (10.14) for a uniform velocity field, u = (1, 0). Curve 3 was calculated by the
formula derived in [21] for the fiber collection efficiency for particles diffusing in a
uniform stream:

η = 2π

Pe

[
K0

(
Pe
4

)
+ 2

∞∑
m=1

K0

(
mPeh

2

)]−1

(10.17)

where K0(z) is the modified Bessel function of imaginary argument. It is seen
from Figure 10.5 that, at Pe < 0.3, curves 1–3 coincide with one another and with
experiment.

It is clear from the results presented that deposition at low Peclet numbers
is governed by a functional dependence different from that for deposition at
intermediate and high Peclet numbers. The published formulas [1–3] may be
inapplicable here. It is thus necessary to take this into account when one considers
polydisperse filters, where the regime of deposition of nanoparticles upon fibers
with smaller diameters may correspond to the case of small Peclet numbers,
Pe < 1. Then, using the mean fiber radius in computations would not necessarily
lead to the right solution.

It should be noted that, at high Peclet numbers Pe � 1, the diffusional depo-
sition of nanoparticles within polydisperse model filters can be estimated using
the average fiber radius, even if the fibers are very different. This was shown
experimentally and theoretically in [2].
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10.2.3
Deposition of Nanoparticles upon Ultra-Fine Fibers

The problem of the deposition of nanoparticles upon fine fibers with radii com-
parable to the mean free path of gas molecules is one of the most difficult
and important for high-efficiency gas filtration, for both theory and practice.
There are no direct experimental measurements of the collection efficiency for
model filters in the literature. Such experiments are very difficult to perform.
But we know from experimental data with real filters that the effect of the
gas slip on fibers leads to an increase in the collection efficiency and to a
decrease in the filter resistance to flow. This effect is governed by the dimen-
sionless Knudsen number, Kn = λ/a, the ratio of the mean free path of the
gas molecules, λ, to the fiber radius, a. For nanofibrous filters, Knudsen num-
bers belong to the intermediate region of values, Kn ∼ 1. Here, the theoretical
approaches developed for limits of viscous and free-molecular flows are not
valid. Nevertheless, for many years estimates for the collection efficiency were
made within the framework of the cell model and for the Stokes flow with
slip boundary condition at the fiber surface. The slip correction obtained for
the hydrodynamic factor is proportional to Kn/(1 + Kn) [32], while from ex-
periments on the resistance of the model and real filters it follows that the
correction is linearly dependent on Kn. The corresponding analytical expression
for the drag force in the row, obtained in the linear approximation on Kn,
is [32, 33]

F−1 = F−1
0 + τ

4π

(
1 − 2

3
t2

)
Kn (10.18)

where F0 is given by Eq. (10.16). Here t = πa/2h, 2h is the distance between
the axes of the parallel fibers in the row, and τ = 1.147 is the coefficient of
isothermal slip, which is related to the interactions of the gas molecules with
the fiber surface. Formula (10.18) was derived for Kn � 1 and t � 1. The linear
dependence F−1(Kn), as shown experimentally, is unchanged up to Kn < 1
[33–35]. The theoretical confirmation of the experimental fact about the linearity
of F1(Kn) was given in [5], where the solution was found within the framework of
Bhatnagar–Gross–Krook (BGK) gas kinetic theory, and where the velocity field
was found together with the formula for the fiber drag force, similar to Eq. (10.18):

F−1 = F−1
0 + τ

4π
f (α)Kn = F−1

0 + 1.27 − 3α

4π
Kn (10.19)

In Figure 10.6 the comparison is given for the drag forces, calculated by Eqs.
(10.18) and (10.19), with the results obtained from measurements of the rarefied
gas permeability through a uniform row of parallel gold wires (diameter 2a =
8.9 µm, inter-fiber distance 2h = 62.7 µm, Re < 0.05) [33]. As one can see, a
good agreement between theory and experiment was achieved. Moreover, the lines
plotted by Eqs. (10.18) and (10.19) coincide. Here curve 1 was found in [36] from
the solution of the Stokes equation with the slip boundary condition at the fiber
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Figure 10.6 Dependence of the reciprocal value 1/F of the
drag force on the Knudsen number for a fiber in a uni-
form row [36]: (1) from the direct solution of the Stokes
equation with slip boundary conditions; (2) by Eqs. (10.18)
and (10.19), and the tangent line to curve 1; and (3) experi-
mental data [33].

surface:

uξ = 0, ut = τKn
∂u

∂ξ

where uξ and ut are the normal and tangential components of the velocity. Here,
ξ and t are the normal and tangent lines to the fiber surface. In this work, the
method of fundamental solutions (‘‘Stokeslets’’ or point forces) [37] was used. The
same results for the velocities and for the drag force were found by us in [36],
where the semi-analytical boundary collocation method [30] was employed. It is
seen from Figure 10.6 that curve 1 plotted for the solution found by the slip-flow
approach agrees with experiment at Kn � 1, or more precisely at Kn � 0.1 only.
It is interesting to note that the plot of the derivative of curve 1, calculated at the
initial point Kn = 0, coincides with the line plotted by Eq. (10.18).

From comparison with experiment, it is seen that the flow field found for the
creeping viscous flow with slip boundary conditions is inapplicable for compu-
tations of nanoparticle deposition upon ultra-fine fibers. Therefore, for modeling
the deposition of nanoparticles upon fine fibers, the flow field of [5] was used.
This choice is based on the fact that the drag force found in [5] agrees with
experiment for intermediate Knudsen numbers, Kn > 1. The computations in [5]
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Figure 10.7 Dependence of the fiber
collection efficiency for point particles
(R = 0) on the Knudsen number at var-
ious Pe numbers [26]: Pe = 10 (1–3),
Pe = 100(1′ –3′), and Pe = 1000(1′′ –3′′);
α = 0.0625. Curves 1–1′′ are calculated by
Eqs. (10.5) and (10.9); 2–2′′ by Eq. (10.20);
and 3–3′′ by Eq. (10.21).

were performed up to Kn = 10 for several values of the filter packing density.
The corrected expressions for the components of the velocity for the flow in the
Kuwabara cell are given for α = 1/36 and α = 1/16 in [26]. In Figure 10.7 the
corresponding computed curves for the fiber collection efficiencies are compared
with those plotted by approximate analytical formulas:

ηD = 2.9k−1/3
1 Pe−2/3

(
1 + 0.39k−1/3

1 Pe1/3Kn
)

(10.20)

ηD = 3.2k−1/2
1 Pe−1/2 (τKn)1/2 (10.21)

which are valid for δD ∼ Pe−1/3 � Kn and δD ∼ Pe−1/2 � Kn, respectively. Here
δD is the thickness of the diffusion boundary layer. These formulas were obtained
in [38] and in [2] within the framework of the Kuwabara cell model for Pe � 1,
Kn � 1, and ηD � 1. It is seen from Figure 10.7 that curves 2 plotted by Eq. (10.20)
coincide with curves 1. Thus, Eq. (10.20) can be used to estimate the fiber collection
efficiency. At small Peclet numbers Pe � 1, the flow has a small effect on the
collection efficiency. For this case, another approach similar to Fuchs’ absorbing
sphere method [39] should be used for estimation of the efficiency of deposition of
nanoparticles upon nanofibers at low velocities.

10.2.4
Deposition of Nanoparticles on Fibers with Non-Circular Cross-Section

The interest in the problem of the deposition of nanoparticles upon non-circular
fibers is connected with the widespread use of filters produced by electrospinning.
These fibers have a cross-section of dumbbell shape. The first studies on the flow
field and diffusional deposition of nanoparticles on model filters with a regular
arrangement of non-circular fibers were published in recent papers [36, 40]. It was
shown that fibers with a dumbbell shape (Figure 10.8a) can be approximated by
fibers with an elliptical cross-section (Figure 10.8b), or by a pair of fibers close
together (Figure 10.8c). The computations have shown that the bridge length
along the symmetry axis (gap) has no influence on the drag force. In Figure 10.9
the comparison between the drag forces of different fibers having the same
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Figure 10.8 (a) Streamlines near a fiber
with a dumbbell-shaped cross-section: radii
of fibers connected by the bridge are b =
0.1, bridge length along the symmetry axis
(gap) is d = 0.1, and bridge thickness is
δ = 0.08. (b) Streamlines near an ellip-
tic fiber with the same mid-section (the
minor axis is equal to 2b). The streamlines
correspond to stream function values of
Ψ = ±[5 × 10−5, 5 × 10−4, 5 × 10−3, 2.5 ×
10−2, 0.05; 0.1–0.5 with step 0.1] [40].

(c) Schematic representation of the Stokes
flow around a single periodic row composed
of double parallel fibers with radii a1 and
a2, rotated relative to an advancing flow by
an angle ϕ = 45◦: h̃′ is the inter-fiber dis-
tance in a pair, d̃ is the inter-fiber gap, and
2h is the distance between even (odd) fibers
of neighboring pairs. The streamlines corre-
spond to stream function values lying in the
range Ψ = [−1, 0.1, 1]h, and a/h = 0.3 [40].

mid-section height and the drag force for the pair of fibers is given. Here, the
mid-section height is scaled to the fiber radius. For the pair of fibers, the height of
the mid-section is lm = 2 + h̃′/a (Figure 10.8c). The results of our direct simulations
for elliptical fibers coincide with computations using analytical expressions derived
in [41].

The hydrodynamic flow field for a row of fibers of non-circular cross-section
was found in [36, 40], where the biharmonic equation for the stream function was
solved by the boundary method of the fundamental solutions (‘‘Stokeslets’’ or point
forces) [37]. The field of concentration was found from the numerical solution
of the convection–diffusion equation by a method similar to that described in
Section 10.2.2.
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Figure 10.9 Resistance forces of fibers
with different shapes of cross-sections as
functions of the width of the mid-section:
(1) a dumbbell-shaped fiber; (2) a pair of
parallel fibers (radius b is fixed, and the

gap is varied); and (3) an elliptic fiber
(the semi-minor axis is equal to b); ϕ = 90◦,
b = 0.1, and the dumbbell bridge thickness
is δ = 0.04 [40].

The corresponding results of the computations for the fiber collection efficiency
at b = 0.2 are given in Figure 10.10. As seen from the figure, the maximum
collection efficiency of the elliptic fiber corresponds to the parallel orientation of
the major axis relative to the flow direction. If the major axis is turned to an angle
ϕ (Figure 10.8c), then the collection efficiency tends to decrease. Moreover, this in
turn causes a change in the functional dependence of the fiber collection efficiency
versus Peclet number.

Shown in Figure 10.11 are curves for the dependence η(Pe) plotted in logarithmic
coordinates, which are straight lines for a wide range of Pe: η = APe−m. When the
flow is parallel to the major axis at any ratio of the axes, the slope of the straight
lines corresponds to m = 2/3. The same value of m is known for the circular
cylinder at high and intermediate Peclet numbers. With the increase of the angle
ϕ, the slope changes. In the limit of the transverse flow of the highly elongated
ellipse, a/b → 0, the exponent tends to the value of m = 3/4, which is consistent
with the theory of diffusion transfer toward a thin plate [42]. In this regard the
work of Ushakova et al. should be cited (see fig10.3 in [43]), where the measured
fiber collection efficiency for particles with rp = 41 nm is precisely described by a
dependence of the form η ∼ u−3/4 for a range of velocities u = 2–8 cm/s. In this
work the diffusional deposition of nanoparticles on an FPP-70 filter made from
electrospun fibers (with preliminary neutralized charges) was studied. The FPP-70
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Figure 10.11 Elliptic fiber collection efficiencies due to diffu-
sion of nanoparticles versus the Peclet number at a = 0.02
and b = 0.2 (1, 2) compared with that for a thin plate with
b = 0.2 and a/b → 0 (1′, 2′). Lines 1 and 1′ are for longitu-
dinal flow past ellipse and plate at ϕ = 0; lines 2 and 2′ are
for transverse flow at ϕ = π/2.
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filters consist of equal strip-like electrospun fibers with a width that is several (four
to five) times greater than the strip thickness. The major axes of these fibers are
oriented normally to the flow direction.

The change in the functional dependence of the fiber collection efficiency on
the Peclet number is also seen for a highly porous model filter consisting of
pairs of fibers in contact. It was shown in [40] that the collection efficiency for
these fibers is practically the same as that for an elliptical fiber with ratio of axes
a/b = 1/2. The slopes of the lines of their η(Pe) dependences coincide also. This
slope is somewhat greater for pairs of fibers in a row than for fibers in a uniform
row (for the latter case the exponent is m = 2/3). For the row with 2a = b = 0.11
the exponent is m ∼= 0.706. The calculated fiber collection efficiencies agree with
published experimental data on model filters with fiber doublets (Figure 10.12).
Since there is an increase of the slope with b/a for elliptical fibers having major axis
normal to the flow, the exponent should tend to the value m = 3/4 with increase of
the gap between fibers in the pair.

10.2.5
Deposition of Nanoparticles on Porous and Composite Fibers

Another topic of investigation is concerned with the diffusional deposition of
nanoparticles in model filters consisting of porous permeable fibers and fibers
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Figure 10.12 Calculated (1–3) and exper-
imental (4–6) [2] dependences of the fiber
collection efficiency on the Peclet number
for a pair of contacting fibers. Lines 1′ –3′

are for elliptic fibers (2a is the minor axis,
4a is the major axis); line 3′′ is calculation

through Eq. (10.5) for a single fiber in a uni-
form row: 1, 1′ and 4 are for 2h = 2 mm,
2a = 0.15 mm, h′ = 0.15 mm; 2, 2′ and 5
are for 2h = 1 mm, 2a = 0.043 mm, h′ =
0.043 mm; and 3, 3′, 3′′ and 6 are for 2h =
1 mm, 2a = 0.11 mm, h′ = 0.11 mm [40].
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covered with porous permeable shells [44–46]. The porous shells on fibers, for
instance, fur from whiskers, contribute significantly to the collection efficiency
with small additional resistance to the air flow. The calculations were done for the
cell model and for a row of parallel fibers arranged normally to the flow direction.
The flow fields for these models were found in [47, 48] by the combined solution of
the Stokes and Brinkman equations with the method of boundary collocation [30,
49]. In Figures 10.13 and 10.14 are shown the computed velocity profiles on the gap
between the fibers in the row for different permeability parameters of the porous
material of the fibers and porous shells.

On the basis of the numerical solution of the convection–diffusion equation, the
fiber collection efficiencies were calculated for fibers in the Kuwabara cell and for
a single row of fibers over wide ranges of Peclet number, particle radius, ratio of
fiber diameter to distance between fiber axes, permeability of the porous material
of the shells (layers) (Figure 10.15) [46], and permeability of the porous fibers
[45]. It was assumed that the particles entering the porous shells or porous fibers
are trapped there completely. The full adsorption boundary condition at the outer
porous surface was used.

From Figure 10.15 it follows that at Pe > 1 the fiber collection efficiency is growing
with increase of the permeability of the porous shells, tending for Pe → ∞ to its
limit, which equals the flux past the porous shell. At Pe < 1 the role of permeability
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Figure 10.13 Velocity profiles in a row
of cylinders with porous shells of radius
ρ = 2b at x = 0 for different permeabil-
ity parameters: Brinkman parameter S = 0
(1), 15 (2), 25 (3), 50 (4), and ∞ (5), for

a/h = 0.2. The Brinkman parameter is given
by S = h/

√
κ , where 2h is the distance be-

tween the axes of neighboring fibers, and κ

is the permeability of the porous layer [48].
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Figure 10.15 Fiber collection efficiencies versus the Peclet
number for fibers with a porous shell, for α = 0.05 and
different permeability parameters: S = 1.5 (1), 5 (2), 15
(3), and ∞ (4). The dimensionless radius of the shell is
ρ = a/a0 = 2, fiber radius a0 = 5 µm, rp = 0.01 µm, and
u = 5 cm/s [45].
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field of velocities (1, 2) is found from the
Brinkman equation, and (1′, 2′) from the
Darcy equation; (1′′, 2′′) impermeable fiber;
and (3) a row of porous fibers; u = 5 cm/s,
a = 1 µm, and α = 0.05 [46].

on particle deposition decreases, and at Pe → 0 the collection efficiency tends to
the geometric limit for a row of impervious fibers, η = h/a.

It was also shown in [45] that the use of the Darcy equation instead of the
Brinkman equation gives underestimated porous fiber collection efficiencies
(Figure 10.16). The agreement between the two approaches is seen for η only
at S � 1 and S � 1. Examples of the streamlines obtained near and within
porous fibers calculated for the Brinkman and Darcy equations are shown in
Figure 10.17.

In conclusion of this section, it should be noted that here we have considered
only nanoparticles whose size is small compared with that of the fiber, that is,
point-like particles. Taking account of the finite size of bigger particles (interception
effect) is required, especially in problems of deposition upon fine fibers [50]. For
that case, one has to take into account three effects: (i) that the particles are moving
within the Knudsen layer near the fiber surface [51]; (ii) that, on approaching the
surface, they are coming into the zone of the action of the retarded Casimir–van
der Waals attractive forces [50, 52]; and (iii) that small charges on the particles
[53], as well as gravity, especially for submicrometer particles of high density
of material [54], may have some effect on the deposition. Taking simultaneous
account of these mechanisms of deposition is a most difficult problem, since the
dependence of the fiber collection efficiency versus particle radius at the given
velocity u goes through a minimum, in which all these effects are comparable
and non-additive. These questions have been considered in detail in the cited
articles.



302 10 Deposition of Aerosol Nanoparticles in Model Fibrous Filters

1.2

0.8

0.4

0

1.2

0.8

0.4

0
−2 −1−3−4

x

(a)

(b)

0.06

0.06

0.02

0.02

u 0.3

0.3

0.147

0.095

y

Figure 10.17 Streamlines flowing around a porous fiber in
the Kuwabara cell calculated by (a) the Brinkman equation
and (b) the Darcy equation at α = 0.05 and S = 5 [46].

10.3
Penetration of Nanoparticles through Wire Screen Diffusion Batteries

This next section is devoted to the deposition of nanoparticles in three-dimensional
(3D) model filters. The applicability of 3D model filters will be considered for
the inverse problem of the determination of the particle size by the penetration
measured through diffusion batteries.

10.3.1
Deposition of Nanoparticles in Three-Dimensional Model Filters

As noted in the introduction, the first experiments on the deposition of nanopar-
ticles from the Stokes flow within model fibrous filters having different inner
structure were published in [16]. In that work the experimental results obtained
with a 3D model filter composed of rows of parallel cylinders inclined in their planes
at an arbitrary angle were also reported. This model filter was called the fan model
filter. Penetration of point-like particles through the fan model filter is independent
of the angle of inclination and, in the range of filter packing densities α = 0.03–0.15,
is also independent of the packing density (within the limits of the experimental
errors in [16], which were in the several percent range). The corresponding fiber
collection efficiency is described by the simple empirical formula

η = 2.7Pe−2/3 (10.22)
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This formula was first advanced for the solution of the inverse problem, for
estimation of the mean radius of nanoaerosols from the value of the penetration
through 3D fibrous structures [55].

The fiber collection efficiency is related to the particle penetration by the following
formula:

n/n0 = exp(−2aηL) (10.23)

where n and n0 are the outlet and inlet particle concentrations, and L = αH/πa2 is
the fiber length per unit surface area of the filter with thickness H.

After the penetration is found, the coefficient of Brownian diffusion is found,
from which the radius of nanoparticles is found from the Einstein–Millikan–
Cunningham formula:

D = kT
[
1 + A(λ/rp) + B(λ/rp)e−b(λ/rp)

]
6πµrp

Here k is the Boltzmann constant, T is absolute temperature, A = 1.246,
B = 0.42, b = 0.87 [39], λ is the mean free path of the gas molecules, and µ
is the gas dynamic viscosity.

The method has gained wide acceptance, for a number of reasons: its simplicity;
its applicability for different pressures and gas temperatures; the ability to control
the processes of measurement and post-interpretation via computer; compatibility
with other methods; and, most importantly, the ability to measure a wide range
of particle sizes, in particular, nanoparticle sizes within the sub-nanometer range
[56]. Moreover, this acceptance was also due to the fact that the theoretical curves of
the integral penetration of polydisperse aerosol particles (having common average
geometrical radius) plotted versus a complex function that includes the face flow
velocity and character scales, intersect in a thin region, practically at one point
near the penetration value n/n0 ≈ 0.4. This result was first obtained for parallel
plate diffusion batteries with the assumption of a log-normal size distribution of
particles in [57]. A similar result was obtained for wire screen batteries [18]. The
history of wire screen diffusion batteries and their application are given in the detailed
review [58].

The absence of any dependence of η on α is seen also for real fibrous highly
porous filters. This was found directly by measuring the nanoparticle penetration.
The outlet concentration remained constant in the process of filter compression
[16]. The authors explained this effect by the features of 3D flow within real fibrous
filters. Subsequent experiments on the deposition of nanoparticles within fan
model filters with small packing density have expanded the range of applicability
of the formula (10.22) toward smaller Peclet numbers, down to Pe ≈ 0.1 [18]. The
independence of η on α for loose fibrous structures, and the validity of Eq. (10.22)
for a wide range of Pe numbers, are considered as empirical facts, while a rigorous
theoretical explanation has not yet been given. For the case of dense 3D model
filters with α > 0.15, the fiber collection efficiency increases with α for Pe � 1, as
shown in [2].
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The problem of deposition of nanoparticles in dense 3D fibrous structures has
received no attention before, despite the wide use of dense wire screen diffusion
batteries for measuring the diffusion coefficient of nanoparticles [58, 59]. The
difficulties in predicting the deposition of particles in mesh screens lie in the
absence of formulas for the flow field past screens. In recent work [60] the flow
velocities and resistance to flow were found numerically for square screens,
arranged from touching rows of parallel cylinders shifted at right angles in their
planes (F-type pressure welded screens, DIN 4192, ISO 4783/3 [61]). The resistance
to flow of these screens was found to be close to that of the woven A-type screens
with the same a/h ratio. The parameter a/h for square woven screens was estimated
as 2a/(2a + w), where w is the gap between the wires. Given below are the results
of computations for the deposition of nanoparticles in welded screens for a wide
range of Peclet numbers, 0.01 < Pe < 2000, and a comparison of the predicted
values with experimental data.

10.3.2
Theory of Particle Deposition on Screens with Square Mesh

The field of the particle concentration is found from numerical solution of the
stationary convection–diffusion equation

2Pe−1�n − u · ∇n = 0 (10.24)

in the computational cell shown in Figure 10.18. Here u = {u, v, w} is the dimen-
sionless vector of the convective velocity [60], n is the dimensionless concentration,
Pe = 2au/D is the diffusional Peclet number, � is the three-dimensional Laplace
operator, and

u · ∇n ≡ u∂n/∂x + v∂n/∂y + w∂n/∂z

All the variables are brought to dimensionless form by normalization on the fiber
radius a, face flow velocity u, and inlet concentration n0.

Equation (10.20) was solved on a uniform rectangular grid by a second-order
regularized finite-difference scheme similar to that suggested in [25]. The domain
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Figure 10.18 Computational
cell ABCD; XY and YZ projec-
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is placed at the point of contact
of cylinders.
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decomposition method together with interpolating boundary conditions for the
nodes adjacent to the curved boundaries were employed, as in the previously con-
sidered two-dimensional case. At the fiber surface the condition of full adsorption
was used, n = 0. At the inlet at x = –X the uniform concentration condition was
imposed, n = 1; and at the outlet at x = X the condition of symmetry was used,
∂n/∂x = 0. In the latter case the following conditions were found to be applicable:
n = 0 for small Peclet numbers, and n = 1 for high Peclet numbers. On the upper,
lower, left, and right sides of the computational domain, the symmetry conditions
were imposed. The half-length of the computational cell, X, was chosen on the
basis of the concentration profile on the forward stagnation line OA, found from
the ordinary differential equation two-point boundary-value problem

2Pe−1 ∂2n

∂x2
− ux(x)

∂n

∂x
= 0 (10.25)

at the corresponding boundary conditions.
The fiber collection efficiency was found by integrating the normal component

of the total 3D flux density on the fiber surface, Jr . Written in dimensionless polar
coordinates r, z, θ , the fiber collection efficiency per unit length is

η = 2a

h

∫ h/a

0

∫ π

0
Jr(r, θ , z)r

∣∣∣
r=1+rp/a

dzdθ (10.26)

where 2a is the fiber diameter, rp is the particle radius, and

Jr = 2
Pe

∂n (r, θ , z)

∂r
− ur (r, θ , z) n (r, θ , z)

For point particles (nanoparticles) the interception parameter is negligibly small,
rp � a and, assuming that nr(r=1) = 0, the formula for the fiber collection efficiency
reduces to

η = 4a

hPe

∫ h/a

0

∫ π

0

∂n(r, θ , z)

∂r

∣∣∣
r=1

dzdθ (10.27)

10.3.3
Comparison with Experiment

Given in Figure 10.19 are the results of computations for the fiber collection
efficiency for screens with a/h [62] corresponding to the experiments of [18]. The
details are given in the caption. The dotted line 1 was plotted using empirical
formula (10.22). The experimental data of [18] are given by points 5 and 6.

From Figure 10.19 it follows that, for screens with small parameter a/h, the
power dependence η(Pe) holds down to Pe = 0.1, and the computed curves for
screens with a/h that differ by several times are very close together and coincide
with the experimental data and with the line plotted by the formula for the fan
model filter (10.22).

Next it should be noted that the power dependence of η versus Pe breaks down at
low Pe (the higher Pe, the greater is the parameter a/h). Moreover, one can see that
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Figure 10.19 Comparison between the com-
puted fiber collection efficiencies for square
screens and experimental data of [62]. Curve
1 is plotted by empirical formula (10.22).
The families of curves 2 and 3 correspond
to η for screens with a/h = 0.043 (2) and
0.15 (3), where the upper curves correspond

to the front layer of fibers, the lower curves to
the rear layer, and the intermediate curves
to the average values of η. Points (4) denote
computed values of η for screens with a/h =
0.013, (5) experiments for a/h = 0.0132, and
(6) experimental data for a/h = 0.043 [18].

the denser the screens, the greater is the difference between the fiber collection
efficiency for the front and rear layers of fibers (wires). This is shown in detail
in Figure 10.20, where the fiber collection efficiencies are plotted versus Peclet
number for screens with a/h = π/12.

First of all, it is worth noting that the deposition upon fibers in the first layer
of fibers relative to the flow direction (Figure 10.20, curve 1) is quite different
compared with that for the second (rear) layer (curve 2), and only for small η at
Pe � 1 do the fiber collection efficiencies become equal. For the dense screens it
is typical that the deviation from the power dependence of the form η ∼ Pe−2/3 is
seen at significantly greater Pe, of order unity and greater. From Figure 10.20 it is
also seen that for Pe � 1 the fiber collection efficiency of the front layer of fibers
is independent of Pe, as the fiber collection efficiency for a single row (dotted curve
4) with limit value η = h/a. For comparison, the theoretical curves are given also
for the single row of fibers at Pe � 1. Curve 6 is plotted by the formula for the cell
model (h/a = 1/α1/2) [20]:

η =
[

2π

ln(h/a)

] [
Pe + 2π

(h/a) ln(h/a)

]−1

(10.28)

while curve 5 was plotted by Eq. (10.17) for a single row of fibers [21]. It is
interesting to note that, for η < 0.1, that is, for high Peclet numbers, Pe � 1,
curves 1–4 practically coincide.

Curve 1 shown in Figure 10.21 corresponds to the average fiber collection
efficiency with limit value η = h/2a. Experimental points were obtained on one
or two screens with a/h ≈ 0.4 (details are given in the caption). The data on the
particle penetration were taken from the plots published in the cited papers.
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Figure 10.20 Dependence of the fiber collection efficiency
for the screen with a/h = π/12 [62] (a full description is
given in the text).
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Figure 10.21 Dependence of the average
fiber collection efficiency versus the Peclet
number computed for screens with a/h =
0.4 [62]. The dotted line is plotted by
Eq. (10.33). The meaning of the points is
as follows. Points 1–5 (see fig. 8 in [63]):
2rp = 2.4–20 nm, 2a = 54.6 µm, a/h =
0.39, α = 0.34; (1, 2, 3) neutral and (4,
5) charged; (3) three screens and (1, 2, 4,
5) single screen; (1, 3, 4) u = 1.44 cm/s and

(2, 5) u = 6.58 cm/s. Points 6 (see fig. 8 in
[64]): 2rp = 1–10 nm, 2a = 52 µm, a/h =
0.41, α = 0.31; single screen; u = 3.6 cm/s.
Points 7 (see fig. 7 in [65]): a/h = 0.41,
2a = 75 µm; u = 12 cm/s. Points 8, 9 (see
fig. 2 in [66]): a/h = 0.41, 2a = 75 µm;
(8) u = 17.5 cm/s and (9) u = 52.5 cm/s.
Points 10, 11 (see [67]): 2rp = 1.6–2.2 nm,
2a = 25 µm, a/h = 0.39; (10) single screen
and (11) two screens; u = 1–2 cm/s.
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With knowledge of the particle penetration through a diffusion battery consisting
of m screens, the average fiber collection efficiency is found from the equation for
the balance of nanoparticles in the flow with volumetric flow rate Q past the screen
with area S:

n0
Q

S
− n0

Q

S
l2aη = n1

Q

S
(10.29)

where n0 and n1 are outlet and inlet concentrations, l = 1/h is the total length of
wires per unit surface area of the screen, and 2h is the distance between the axes
of wires in the row. From Eq. (10.29) the particle penetration through the single
screen is found from

n1

n0
= (1 − l2aη) (10.30)

It was assumed here that the same number of particles is deposited upon any
unit length of wire. If the diffusion battery consists of m screens with the same
parameters, then the overall length of wires per unit surface area of the diffusion
battery is equal to L = ml. Let us assume that every subsequent screen is subjected to
flux with uniform concentration of particles. Then the particle penetration through
m screens is equal to

n/n0 =
(

n1

n0

)m

= (1 − l2aη)m = (1 − Lm−12aη)m (10.31)

where n is the concentration at the outlet of the diffusion battery. From this we
derive the expression for the fiber collection efficiency:

η =
(

h

2a

) [
1 −

(
n

n0

)1/m
]

(10.32)

Since limm→∞(1 − b/m)m = e−b, then Eq. (10.31) can be reduced to the form of
Eq. (10.23), which is convenient for large m.

The fiber collection efficiencies estimated from the experimental data by the
simple formula (10.32) agree well with the theoretical curve for the average η in a
wide range of Pe.

It also follows from Figure 10.21 that for Pe � 1 the calculated fiber collection
efficiencies agree with the empirical relationship (dotted line 2), which was obtained
for dense screens at Pe > 20 [59] and repeatedly confirmed [68]:

η = 2.7Pe−2/3

(1 − α)
(10.33)

Here it was assumed that the packing density α corresponds to the packing density
of the touching screens and equals α = πa/4h.

In spite of the fact that Eqs. (10.33) and (10.22) have been widely used for the
estimation of the nanoparticle diffusion coefficient for several decades, neither
the authors of [59] nor their followers gave a definition for the packing density of
single screens. It should be noted that, when many screens are used, special thin
rings are installed additionally. The whys and wherefores of the estimation of α are
usually based on the thickness of single screens, which is greater by 10–20% than
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its minimal value, being equal to two diameters of the wire (the tortuosity of the
wires is not specified).

In connection with the discussion on the accuracy of the diffusional method,
it should be noted that the exponential dependence (10.23) is not applicable for
processing the measured penetration of nanoparticles obtained with the help of a
diffusion battery consisting of one or two screens. The necessity for a single screen
is really present when measuring particles of high diffusional mobility, especially
for particles within the sub-nanometer range of sizes, for example, radon and
thoron progeny. In this case one should use Eq. (10.32).

To achieve better accuracy in the measurement of the diffusion coefficient D,
one has to select such conditions of depositions of nanoparticles that correspond
to high Peclet numbers, Pe � 1, when the power dependence η ∼ Pe−2/3 holds,
bearing in mind that the increase of the velocity and fiber diameter is limited by the
condition of low Reynolds numbers (Re < 1), since the relationship between the
fiber collection efficiency and the diffusion coefficient was obtained for Stokes flow.

The formula (10.23) is valid for a diffusion battery consisting of a large number
of screens, when the effective length of the wires per unit surface area is defined
as L = 2m/(2a + w). If the total length of the wires is defined by the method of
weighing a number of woven screens, it should be known that the measured actual
length of the wires is greater than the calculated value of L.

In conclusion, it should be noted that the curves computed for the average
fiber collection efficiency for single dense screens with significantly different
step intersect at approximately one point at η ≈ 0.8 and Pe ≈ 6 (Figure 10.22).
This result can be used for the analysis for polydisperse sub-nanometer particles
when measuring the penetration of nanoparticles through a single screen with
a/h = 0.39, for which, after particle penetration n/n0 = 0.38 [18] is measured (with
the adjustment of the corresponding face flow velocity u or fiber radius a), the
average coefficient of diffusion is immediately found as D ≈ au/3.

0.1 1.0 10 102 103
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Figure 10.22 The average fiber collection efficiency versus
the Peclet number for screens with a/h = π/12(1), a/h =
0.4 (2), and a/h = 0.5 (3).
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10.4
Conclusion

The aim of this chapter was to consider the deposition of aerosol nanoparticles in
model fibrous filters at low Reynolds numbers. It was shown that recent results for
the collection efficiency of particle deposition on fibers found from the numerical
solution of the convection–diffusion equation for regular systems of fibers arranged
normally to the flow direction agree with known experiments for model filters, with
known analytic formulas derived in the boundary-layer approximation at Pe → ∞,
and with the geometric limit for the fiber collection efficiency at Pe → 0.

Here, the consideration was confined to diffusional deposition of particles from
the Stokes flow (creeping flow) at low Reynolds numbers, Re � 1, when the
streamlines before and behind the mid-section of the fiber are symmetric and the
ratio of the filter pressure drop to the face flow velocity is constant and independent
of Re. The limiter for the velocity is due to the results of our work conducted
over many years, and is related with the practice of highly efficient gas filtration.
The latter is performed with high-efficiency fibrous filters at low velocities – first
of all, due to their significant resistance to flow; and, second, due to low collection
efficiency at high velocities. The significant increase of the velocity to values
corresponding to Re > 1 leads to the asymmetry in the streamline pattern and to
the increase of the velocity gradient near the front side of the fiber. The deposition of
particles should increase. In this case the estimates for the fiber collection efficiency
for given values of Pe, found for the Stokes flow regime, are underestimated. It
is impossible to find the fiber collection efficiency η analytically for the flow field
governed by the full Navier–Stokes equations, and thus the numerical methods
have been used here for years [69]. But such high velocities are not typical for
high-efficiency aerosol filtration.

It should be noted that the collection efficiency due to the diffusion of nanopar-
ticles in real filters is greatly affected by the inner structure of the filters, by the
hidden and manifest defects, by variable thickness and packing density, by the
presence of double and triple fibers (which interact with the flow as one obstacle),
and so on. All these questions, together with questions of the optimization of filter
parameters taking account of their clogging, have been considered in numerous
papers published in Colloid Journal by the authors of this short review.

This review of the experimental and theoretical results of nanoparticle deposition
from a gas flow upon the fibers of model filters has shown the possibility of further
deeper investigations. The results reviewed could be helpful for the solution of
problems of diffusion transport arising in other fields, such as electrochemistry,
sorption, and catalysis.

We have considered point-like particles. Taking account of the finite size
of bigger particles (interception effect) is connected with the consideration of
external forces, for example, the retarded Casimir–van der Waals attractive
forces [50, 52], and also requires the presence of the Knudsen layer on the
surface of the fiber of any radius, since the thickness of this layer is com-
parable with the particle size. The simultaneous consideration of mechanisms
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of deposition of particles of finite size is beyond the scope of our present
review.
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11
Filtration of Liquid and Solid Aerosols on Liquid-Coated Filters
Igor E. Agranovski

11.1
Introduction

There are many technologies currently available for the removal of aerosol particles
from a range of gas carriers. They include gravitational settling chambers, cyclones,
wet scrubbers, electrostatic precipitators, and others [1, 2]. However, in cases when
reliable, highly efficient removal of particles within the size range of 0.01–1 µm is
required, there are no alternatives to the employment of filters. The use of filtration
processes has been around for more than 2000 years, and the interested reader is
referred to Davies [3] for a historical review of the various development stages. A
broad range of filters is currently available to meet almost any environmental and
technological requirement. They are used for the removal of broadly sized aerosols
of different nature for a range of technological parameters, including gas carrier
temperature, humidity, and chemical composition.

For the theoretical evaluation of filter efficiency, a filtration theory based on a
single-fiber approach has been developed over the past 60 years [3–8]. It considers
the combined action of a number of mechanisms of particle removal on a single
filter fiber, including inertia, interception, diffusion, electrostatic precipitation,
thermophoresis, and diffusiophoresis, with subsequent derivation of the total
efficiency of a filter made out of multiple single fibers randomly arranged to form
a medium with certain packing density and thickness (see Chapter 9).

Usually, the filtration of solid particles is associated with dusty air passing
through a filter medium, with the purified stream either released to the atmosphere
or further utilized for subsequent technological processes. The particles that are
removed from the air remain on the surface of the filter and, in the course of time,
form a layer, which increases the filter’s hydraulic resistance. When the resistance
reaches a certain value, the filter is regenerated by a reverse air jet, shaking, or
oscillating. For some applications, for example, purification of the air intake for
motor vehicles, air filters are not usually regenerated but rather are disposed of and
replaced by new ones.

Normally, solid particles carried by sufficiently dry air streams are easily removed
from the filter by one of the regeneration mechanisms discussed above [7]. However,
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when the air stream is humid or contains highly viscous particles, the regeneration
process becomes inefficient (particles adhere strongly to the filter) and the filter
can suffer blockage. Sometimes, the possibility of clogging is so high that, to
avoid potential losses associated with frequent shutdowns of the technology for
maintenance, alternative air pollution control technologies with lower performance
have to be used [9].

Liquid aerosol filtration differs significantly from solid aerosol removal. The main
difference is related to the fact that the collected liquid particles remain on the filter
surface and grow as the result of coalescence with new incoming ones. When the
droplet reaches a size sufficient for the gravitational force to exceed the force of
adhesion acting between the particle and the fibers, the droplet drains from the
filter, creating self-cleaning conditions of the process. This is the obvious benefit of
liquid aerosol removal as compared to solid filtration – the filtration device does not
usually require any additional regeneration module, making it more cost-effective.
On the other hand, liquid on the filter surface could cause substantial hydrodynamic
resistance. Compared to the porous and air-penetrable structure of the deposits built
up on the filter surface during solid particle purification, liquid could entirely clog
some filter areas, decreasing the filter surface available for air to pass through.

The filtering materials utilized in aerosol removal processes can be either wettable
[10] or non-wettable [11] for liquids with different physical properties. For wettable
filters, liquid aerosols collected by the filter spread along the fibers and generate
thin films covering each individual fiber. This is shown in Figure 11.1 by the two
scanning electron microscope (SEM) images of a wettable fiber, first dry and then
coated by oil. Non-wettable filters can be considered as liquid repellents. Droplets
do not spread along non-wettable fibers and remain as spheres. This is illustrated
in Figure 11.2 by the optical microscope image of a non-wettable fiber, with water
droplets clearly visible. These spheres grow as the result of coalescence with new
incoming droplets, and when the gravitational force exceeds the force of adhesion,
they are detached from the filter and drained.

This chapter considers filtration processes performed by fibrous filters naturally
or artificially irrigated by liquids. It discusses the theoretical approach to model
the processes, and illustrates various applications of such filters for the monitoring
and control of aerosols of mineral and biological nature.

11.2
Wettable Filtration Materials

Removing particles from exhaust gases has become increasingly important from
an industrial standpoint because of the need to reduce health hazards, to limit
nuisance emission, and to recover valuable products. Two main parameters are
considered as filter quality criteria: particle collection efficiency and hydrodynamic
resistance across the filter. Therefore, practical fibrous filters usually have high
porosity, with the inter-fiber distance being large compared to the fiber diameter.
The classic filtration theory, based on a consideration of aerosol particle removal by
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(a)

(b)

Figure 11.1 Wettable
fibers covered by a liq-
uid film: (a) dry fibers and
(b) oil-coated fibers.

Figure 11.2 A non-wettable
fiber.

a single fiber with subsequent reconstruction of the total filter efficiency by taking
into account the fibrous filter packing density and the thickness of the medium (see
Chapter 9), is capable to closely predict the efficiency and hydrodynamic resistance
of the filter.

However, in many situations, the classic theory cannot be used directly for
real-world situations, as aerosol particles collected by the filter create porous
deposits (in the case of solid particle filtration) or liquid ‘‘islands’’ (in the case of
liquid aerosol removal) on the filter surface, significantly changing the parameters
of the medium and, correspondingly, causing a substantial discrepancy between
actual and predicted process parameters. In the case of solid particle filtration, the
deposit of captured particles on the filter surface is random in nature and variable
in time, which significantly complicates any effort to develop some theoretical
approach realistically predicting the behavior of filtration processes for industrial
applications. In contrast, in the case of liquid particle removal, considering the
self-cleaning nature of the process, it could be concluded that, in technologically
steady-state operation, the liquid on the filter reaches equilibrium conditions,
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which could be described mathematically if the process parameters along with the
physico-chemical characteristics of the collected particles and filter medium are
known.

11.2.1
Theoretical Aspects

When liquid aerosols are removed by wettable filters, the collected particles spread
along the fibers, creating films coating the entire filter surface. Figure 11.1b shows
an image of a wettable fiber coated by an oil film. The image was acquired by
environmental SEM, capable of operating at moderate vacuum, ensuring low
evaporation of liquid during operation. The oil film smoothly covers the entire fiber
surface, which is clearly seen compared to the dry fiber provided in Figure 11.1a.

Numerous studies of the process (see for example [10]) have demonstrated that,
although fibers can be coated by relatively thick films during filter operation, there is
an equilibrium film that cannot be drained from the fiber under the action of gravity.
The equilibrium film thickness corresponds to the particular process parameters, the
fiber characteristics, and the physical properties of the liquid aerosol. A simple
procedure could be used to identify the equilibrium thickness of the film. First, a
small piece of filter medium with precisely measured parameters (width, length,
thickness, fiber diameter, and packing density) is cut and weighed. Then, the filter
is submerged into the liquid that is to be used for the following aerosol production
(or represents an aerosol material to be removed in an industrial process). After
a few minutes, the filter is removed, vertically secured in a frame-type holder,
and placed in a closed humidified chamber, allowing liquid to drain (to eliminate
evaporation in cases when a volatile liquid is involved). On completion of draining,
the filter is carefully weighed again and the equilibrium film thickness is estimated
by the following procedure. The total fiber length, fL, in the filter sample is

fL = WDF

ρFMπr2
f

(11.1)

where WDF is the dry filter weight, ρFM is the filter material density, and rf is the
fiber radius. The equilibrium film thickness is then estimated as

δE = rE − rf =
√(

WL

ρLfLπ
+ r2

f

)
− rf =

√(
WLρFMr2

f

ρLWDF
+ r2

f

)
− rf (11.2)

where rE and rf are, respectively, the equivalent film radius (taken as the sum of
fiber and film radii) and fiber radius, WL is the weight of the liquid remaining on
the filter after drainage, and ρL is the density of the liquid. This is a very important
parameter for prediction of wettable filter efficiency, which should be used for
correction of the fiber radius for more realistic determination of the efficiency
of the filter proposed for purification of liquid aerosol streams under particular
operational conditions. Obviously, especially for cases when highly viscous liquids
are involved, this correction could be quite significant.
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As one can understand, the hydrodynamic filter resistance is also strongly
influenced by the presence of the coating film. Kuwabara [12] derived
the following equation that is commonly used for the evaluation of filter
resistance:

�P = 4µcVH

d2
f (c − 3

4 − 1
2 ln c − 1

4 c2)
(11.3)

where H is the thickness of the filter, µ is the dynamic viscosity of the gas, V is
the filter face velocity of the aerosol carrier, df is the fiber diameter, and c is the
filter packing density (ratio of the total volume of fibers to the volume of the filter).
In the case of liquid aerosol filtration, the fiber diameter and correspondingly the
filter packing density ought to be corrected by the value of the equivalent film
thickness.

The equilibrium film should only be considered in cases of immediate drainage
of the liquid, which is relevant for specially designed experiments under controlled
laboratory conditions. In real situations, the film thickness always exceeds the
equilibrium value, as drainage is not an instantaneous process. In this case, the
actual operational film thickness ought to be considered. A procedure allowing
evaluation of the actual thickness of the film is based on the filter and process
parameters and the aspect ratio of the filter. The equation for estimation of the
actual film thickness can be written as [10]

δ(y) = 3

√
3Gyµ

ρ2
Lg

(11.4)

where δ(y) is the film thickness on fibers at filter vertical elevation y, µ is the liquid
viscosity, ρL is the liquid density, g is gravity, and Gy is the total liquid supply at
the filter cross-section at height y. The parameter Gy (kg/m s) is the total amount
of liquid passing through 1 m of the fiber perimeter at elevation y per second. It is
estimated as

Gy = H − y

H
CaGgEf (11.5)

where H is the total height of the filter, Ca is the aerosol concentration at the filter
inlet, Gg is the gas flow rate, and Ef is the filter efficiency. The perimeter of fibers
at any cross-section of the filter can be taken as

Pf = 2WTcp

rf
(11.6)

where W and T are width and thickness of the filter, respectively, and cp is the filter
packing density (filter volume fraction occupied by fibers).

As one can understand, designating y = H (top cross-section of the filter) makes
the film thickness equal to zero, as no liquid is supplied at that plane. In contrast, all
liquid collected by the filter passes through the plane at height y = 0, creating a film
with the maximum thickness. On this basis, compared to solid particle filtration,
the filter height has become a crucial parameter for liquid aerosol removal, because
if the design is inappropriate, some lower part of the filter could become blocked
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Figure 11.3 Wettable fiber model concept:
(a) triangular and (b) rectangular (square)
fiber arrangements.

due to the coalescence of films covering neighboring fibers. To avoid filter blockage,
some model of the fiber arrangement should be assumed. Most commonly, either
triangular or rectangular arrangements are used (see Figure 11.3). Then, based on
the selection made, the maximum thickness of the film, to ensure that neighboring
films do not coalesce, is, for the triangular model (Figure 11.3a)

δmax = rf

(√
2π

cp
√

3
− 2

)
(11.7)

and for the rectangular arrangement (Figure 11.3b)

δmax = rf

(√
π

cp
− 2

)
(11.8)

It should be noted that the triangular arrangement gives a result that is around 10%
higher compared to the rectangular one, so, to be on the safe side, the triangular
model of the filter structure is recommended. It should also be noted that the model
is based on the assumption that all the fibers are vertical. However, this is certainly
not the case for most of the filters used in industry – fibers in real filters are usually
touching each other, which enables liquid flow between the fibers, making liquid
drainage occur relatively vertically.

Based on the above consideration, the filter aspect ratio (width by height) is one of
the main design parameters for the development of wettable filters for liquid aerosol
removal [10]. As one can understand, increasing the aspect ratio leads toward a
decrease of the film thickness along the filter, minimizing the possibility of its
clogging. In addition, variable film thickness along the filter height is responsible
for alteration of the hydrodynamic resistance at different vertical points of the
medium. Obviously, this phenomenon is responsible for a possible variation of
the filter efficiency along the height. This fact has to be taken into account at the
stage of filter design. Using Eqs. (11.1)–(11.8) allows filter parameter optimization
to avoid undesirable liquid-related non-uniformity effects during operation.

11.2.2
Practical Aspects

Besides liquid aerosol removal, wettable filters can also be used for the removal
of solid aerosol particles. These filters do not require any additional regeneration
modules if used for liquid aerosol removal. They operate in self-cleaning mode
[10]. However, in some industrial processes, liquid particles are accompanied by
solid ones. Usually, the solid particles are also washed off efficiently from the



11.2 Wettable Filtration Materials 321

filter; however, in some cases, due to insufficient filter irrigation or very high
concentration of solids in the air carrier, some blockage of wet filters can occur.
In these cases, some additional artificial filter irrigation is required to create a film
with appropriate thickness covering the fibers. Such an arrangement has a number
of substantial benefits:

1) Artificial irrigation creates self-cleaning regeneration, eliminating the need for
any additional regenerating modules [13, 14].

2) The technology allows one to handle viscous sticky particles, for which conven-
tional baghouse filters are usually of limited use due to the high possibility of
clogging as a result of their limited regeneration capability. In this case, new
incoming particles are captured not by the solid fiber but by the liquid film and
can be simply removed by continuous irrigation of the filter [9].

3) The liquid film can significantly reduce particle bouncing, enhancing the
filtration efficiency of the medium [15].

4) Using disinfecting liquids could inactivate biological microorganisms, minimiz-
ing health risks in cases of re-entrainment of bioaerosols collected by the filter
[16, 17].

5) In cases of limited availability of irrigating liquid due to some technological
reasons, the thickness of the film can also be controlled by the filter inclination
[18]. In this situation, the efficiency of liquid drainage from the filter is
decreased, due to the fact that only a component of the force of gravity acts
along the inclined fibers. Practically it is even possible to design filters with
adjustable inclination, enabling one to fine-tune the inclination angle directly
on site.

Removal of solid particles by liquid-coated fibers can mainly be performed
by wettable filters [13]. When the fiber is coated by a liquid, the film surface
becomes the primary filtration zone: particles are collected directly onto the liquid
and are removed by continuous irrigation. This process minimizes direct contact
between the particles and solid fibers, decreasing the possibility of filter blockage.
Figure 11.4a shows a wettable filter involved in the process of solid dust particle
removal. For comparison, Figure 11.4b shows a non-wettable filter operated under
the same process parameters. As can be seen, the wettable filter is able to work in
self-cleaning mode, with no evidence of particle accumulation at the surface. On
the other hand, the non-wettable filter is entirely clogged by solid dust, and the
irrigating liquid flows along the cake, providing minimal regeneration (a liquid jet
is clearly seen in the picture).

Unfortunately, the theoretical evaluation of the minimal irrigation rate for
a particular filter and process parameters is a very complicated task, which
would lead to very limited practical outcomes. As suggested by Agranovski and
Shapiro [13], some simple practical experiments can be undertaken to evaluate
the minimal irrigation rates for a range of dust loadings. To run the experiment,
various quantities of dust are supplied to the filter by the air carrier. Filter
irrigation is performed through the nozzle, strategically located to ensure that
the liquid efficiently and uniformly covers the filter surface. At the beginning of
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(a)

(b)

Figure 11.4 Surface of fil-
ters with dust deposits:
(a) non-wettable and
(b) wettable.

the experiment, a certain dust supply rate is selected and the nozzle operates at
the maximum liquid flow rate, which is then gradually decreased down to the
point when the filter resistance starts to grow. The liquid flow rate at this point is
considered as minimal for that particular dust loading. Obviously, the filter’s ability
to work at constant resistance indicates that collected dust particles are efficiently
‘‘washed off’’ and do not form any deposit on the filter surface.

This procedure would be even more representative if the filter could be installed
in the real industrial process of interest. In this case, a bypass line with filter and
nozzle assembly is attached to an exhaust pipe of the industrial process under
investigation. A vacuum pump sucks some known quantity of the exhaust gas
through the filter irrigated by the nozzle, and the liquid flow is gradually decreased
down to the point when the filter resistance starts to grow. The minimal irrigation
rate is precisely identified and could be used for design of the scaled version of the
filter capable of treating the entire quantity of the exhaust gas.

This procedure was employed to design a filtration technology for the purification
of the exhaust gas from galvanizing technology [19]. The sticky nature of the
particles produced at the point of contact of chemically pre-treated steel parts with
molten zinc eliminated any possibility to use conventional baghouse filters, as filter
regeneration by the commonly used shaking and reverse air jet methods was very
inefficient, leading to rapid filter clogging. To treat the exhaust gas, low-efficiency
wet scrubbers are commonly used in this industry. Of course, a properly designed
and operated high-pressure Venturi scrubber can achieve relatively high removal
rates for submicrometer particles; however, the resistance of the device in these
cases could exceed 30 kPa [1].
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Figure 11.5 Photograph
of the filter elements
and irrigation system.

A technology involving a wettable filter and spray nozzles strategically installed at
the top of the device to provide uniform filter irrigation during the entire operation
of the device was proposed (see Figure 11.5). It provided a stable operation that
was free of clogging and achieved an efficiency above 98% for the removal of
submicrometer particles from the air carrier. In addition, as one can understand,
using liquid irrigation provides a very efficient tool for simultaneous removal of
gaseous pollutants. Small fiber and, correspondingly, film diameters create a large
total area of gas–liquid interface, ensuring favorable conditions for mass transfer
and gas absorption.

Many industries produce relatively dry and hot exhaust gases, which can evaporate
a substantial quantity of the liquid from the surface of the filter coating film, leaving
some areas of the filter uncoated. To avoid any direct particle contact with the solid
fiber, some additional irrigation might be required. A simple model to evaluate
the rate of evaporation for a range of process conditions has been suggested
[20]. The model takes into account the physical parameters of the gas and liquid
phases, along with the filter structure, to estimate the rate of evaporation of
liquid from unit surface area of the filter. As an example, Figure 11.6 shows
some results of calculations obtained for three filters with the parameters listed in
Table 11.1.

Calculations were done for an air face velocity of 0.5 m/s and for three vapor
contents of 10, 20, and 30 g of vapor per kilogram of dry air. As is seen, the amounts
of water evaporated from 1 m2 of the filter are quite substantial, especially in a
region where the air becomes hot and dry. Also, owing to the more developed area
of the gas–liquid interface, more efficient evaporation is observed from filters with
smaller fiber sizes. The moisture content of the air carrier is probably the most
influential parameter of the process, with a clear and expected trend toward higher
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Figure 11.6 Amount of water evaporated from 1 m2 of the
filter by the air carrier depending on the range of tempera-
ture and the humidity.

Table 11.1 The parameters of the three filters used in Figure 11.6.

Filter no. Material Thickness Fiber size Specific weight Packing density
(mm) (µm) (g/m2) (%)

1 Polyester 3 12 330 12
2 Polyester 3 24 327 12
3 Polyester 3 36 330 12

evaporation rates for drier streams observed. To account for evaporative liquid
losses, corresponding amounts of liquid make-up have to be added to the minimal
irrigation flow rate evaluated by the procedure discussed above.

A very important characteristic of the liquid film coating the fibers is its ability
to minimize particle bouncing after collision of an aerosol particle with the filter
surface [20]. There are two classical approaches to describe particle bounce. The first
defines a critical velocity Vc above which bounce will occur [7],

Vc = β

dp
= 1

dp

(1 − e2
pl)

e2
pl

A

πx2(6pplρ)1/2
(11.9)

where β is a constant for a particular impaction surface, dp is the particle diameter,
epl is the coefficient of restitution (for plastic deformation only), A is the Hamaker
constant [21], epl is the microscopic yield pressure, ρ is the particle density, and
x is the distance of separation between the center of mass of the particle and the
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surface. Hamaker constants are given in the literature for a limited number of
elements and compounds [22].

The other method involves the kinetic energy (KEb) required for bounce to occur
when a particle collides with a surface [23–26], the magnitude of which can be
calculated as

KEb = dpA(1 − e2)

2xe2
(11.10)

where e is the coefficient of restitution (plastic and elastic deformation), which is
equal to the ratio of the rebound velocity to the approach velocity. The value of e
is reported to range from 0.73 to 0.81, although these values were derived using
hard impaction surfaces [27]. It is reported that A and e ought to be determined
experimentally because it is very hard to determine them theoretically.

For liquid particles, as the particle size diminishes, the surface tension force
increases to the point where the particle is so rigid that its behavior is identical
to that of a solid particle. Liquid particles are better able to absorb the energy of
collision than are solid particles, principally through deformation [7]. It is reported
that liquid particles are far more likely to break up on impact than are solid particles.
This is principally through shear when the particle impact is not normal to the
fiber [28].

Some research into possible particle bounce from liquid-coated filter fibers has
been undertaken. Walkenhorst [29] examined the effect of coating model wire
filters with vegetable oils, mineral oils, and petroleum jelly (Vaseline), and reported
that the former two substances increased the filtration efficiency (particle adhesion)
whereas the latter did not. Although oil-coated filters are suitable for laboratory-scale
processes, using such liquids in industry would not be advantageous. On the other
hand, the technology based on water coating of fibers is feasible for industrial
applications, as water for filter irrigation is more readily available and recyclable in
industry than is oil [19].

Mullins et al. [15] and Boskovic et al. [30] experimentally verified that coating the
filter could substantially decrease particle bounce after initial collision with the
fiber and could minimize any particle motion along the fiber. The experimental
procedure consisted of two stages. In the first stage, solid polystyrene latex (PSL)
spheres and a liquid aerosol of diethylhexyl sebacate (DEHS) were collected by a
dry filter at identical process parameters. In the second stage, the filter fibers were
coated by liquid and the experimental procedure used in the first stage was repeated
for the coated fiber scenario. As was reported, the removal efficiency of the dry filter
was significantly higher for the collection of liquid DEHS particles. Considering
that all the process parameters were identical, this difference could only be related
to the nature of the aerosol: the kinetic energy that is mainly responsible for particle
bounce is absorbed more efficiently by liquid aerosols through particle deformation.
This assumption was verified in the second stage of the experimental program
when the filter fibers were coated by a liquid. There was negligible difference
between the removal of solid and liquid particles, which allowed the conclusion to
be drawn that the liquid coating acts to absorb the kinetic energy, minimizing or
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even eliminating any particle bounce after collision with the fiber. Various liquids,
including oils and water, were used, and the effect was always observed, allowing
one to assume that a liquid coating can act as an efficient absorber of the energy
after impact, minimizing particle bouncing, and correspondingly enhancing filter
efficiency, especially in cases of solid particle removal.

11.2.3
Inactivation of Bioaerosols on Fibers Coated by a Disinfectant

Microbial aerosols can cause various human and animal diseases, and their control
is becoming a significant scientific and technological topic for consideration.
Filtration is considered to be one of the main processes for the removal of
biological aerosols from the air, minimizing their concentration in industrial and
domestic dwellings. However, the removal of bioaerosol from air carriers does
not, on its own, solve the problem of microbial contamination of the ambient
air. Considering that in some situations the bioaerosol particles collected on the
filter could re-enter back into the air carrier, some disinfection is also required
to ensure that no biologically active particles can possibly detach from the filter
surface and return to the human-occupied areas. Moreover, in many cases, the
dust simultaneously removed by the filter from the air contains microbial nutrients
sufficient for colonial growth, which is especially relevant in areas where the air
humidity is relatively high.

Liquid-coated wettable filters can be considered as the technology to inactivate the
particles that collect or grow on the filter. For this purpose, the fibers could be coated
with some disinfecting liquid capable of inactivating the collected microorganisms,
ensuring that, even in cases of some re-entrainment, live biological particles would
not reach areas occupied by humans and animals.

One suitable candidate for this role – Melaleuca alternifolia (tea tree) oil, widely
used as a topical antiseptic – was employed as the coating liquid for the inactivation
of environmental microbes, including viruses, bacteria [16], and fungi [17], collected
on the filter surface. Figure 11.7 shows some results for the inactivation of
various microbial strains on tea tree oil-coated fibers. As is seen, the lowest
(worst) inactivation capability of tea tree oil was demonstrated on treatment of
Aspergillus versicolor and Rhizopus fungal spores, with almost 50% survival after
60 minutes of treatment. Rapid inactivation was observed for bacterial strains,
especially for stress-sensitive Escherichia coli and Pseudomonas fluorescens. Even
the robust bacterium Bacillus subtilis var. niger lost 90% of viable particles after
15 minutes of treatment and was entirely disinfected within 30 minutes of the
experimental run. However, the best performance of the technology was achieved
on treatment of viral aerosols represented by the Influenza virus. All the collected
virus particles are inactivated almost immediately, which is especially important
considering that the pathogenic nature of these microbes is the highest out of all
the bioaerosols.
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Figure 11.7 Inactivation of biological aerosols on a filter coated with tea tree oil.

11.3
Non-Wettable Filtration Materials

11.3.1
Theoretical Aspects

Compared to wettable filters, liquid aerosol particles collected on non-wettable
filters do not spread along the fibers. They remain as spherical objects and grow
due to coalescence with new incoming particles up to a point when the force of
gravity exceeds the force of adhesion and the droplet drains from the filter surface.
A microscopic photograph of droplets on a non-wettable model filter is shown in
Figure 11.8. It can be seen that droplets are suspended on multiple neighboring
fibers, significantly changing the filter’s physical parameters and correspondingly
its hydrodynamic and performance characteristics.

As observed during experiments, the droplets grow on the surface and
immediately before detachment undergo some oscillations. Such oscillations

Figure 11.8 Non-wettable model fibers.
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enhance the drainage efficiency, adding extra force to overcome adhesion. To
model the non-wettable filter, the size of the droplet on the fibers becomes
crucial to characterize the filter parameters. In addition, the maximum size of
droplet surviving on the filter surface depends on the gas velocity and liquid
physico-chemical properties. Some laboratory experiments could be performed to
find the maximum droplet size on the filter surface for particular process and filter
parameters. The easiest way is to photograph the face surface of the filter during
operation, with subsequent analysis of the image with the aid of magnifying
equipment. To take such a photograph, one of the walls of the filter casing needs
to be transparent.

A different experiment was described by Agranovski and Braddock [11] to
evaluate the droplet size. They used a cathetometer to remotely measure the
droplet size immediately before detachment. To perform the measurements, the
cathetometer was pointed to the face filter surface through a transparent window
in the filter holder. Some random growing droplet on the filter surface was
chosen and observed up to the moment of commencement of its oscillations and
subsequent detachment. At that stage, the size of the droplet was recorded. The
results of these measurements are presented in Figure 11.9. As may be seen, the
maximum droplet size coincides with the boundary of the laminar flow regime,
explaining the droplet oscillations, which are initiated by the chaotic nature of
the gas streamlines. The droplet oscillations were comprehensively investigated
by Mullins and his colleagues [31, 32]. The experimental results were used to
develop some mathematical relations describing oscillation patterns of clamshell-
and barrel-shaped droplets.

Considering the random placement and size of the droplets on the filter surface
during liquid aerosol removal processes, modeling non-wettable filters is a more
challenging task than modeling wettable ones, where the films are usually quite
stable during steady-state operation. Here we discuss a semi-empirical procedure
that allows the filter performance for liquid aerosol removal to be predicted.

Let us first assume that some part of the filter is blocked by liquid, and further
assume that each drop with diameter Dd is located in an imaginary cubic cell with
side length DdX . Here X is the scale factor, which represents the ratio of the side
length of the cell by the diameter of the drop Dd. The size of the cell is taken in
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such a way that the ratio πD2
d/(DdX )2 is equal to the ratio of the area of the filter

blocked by liquid by the total area of the filter. The total surface area of fibers in the
liquid free cell space can be calculated if the packing density of the filter is known.
The packing density of the filter is the ratio of the volume of the fibers by the total
volume of the filter, that is,

c =
∑

Vfiber

Vcell
(11.11)

where
∑

Vfiber is the total volume of the fibers in the cell. The total volume of the
fibers may also be represented in the form

∑
Vfiber = πd2

f

4
Lc (11.12)

where Lc is the total length of the fibers in the cell. However, Sc = df Lc is the
projection of the total front cross-sectional area of the fibers in the cell, so we can
rewrite Eq. (11.12) as

∑
Vfiber = πScdf

4
(11.13)

But Sc can also be represented as

Sc = Lcdf =
(

X3D3
dc

πd2
f /4

)
df = 4X3D3

dc

πdf
(11.14)

Some amount of the fiber is located inside the liquid drop, and is inaccessible for
the aerosol stream, which can only flow around the drop. To calculate the front
cross-sectional area of the fibers in the drop, we can use the following expression:

Sfibre in drop =
(

(πD3
d/6) × c

πd2
f /4

)
df = 2D3

dc

3df
(11.15)

Now we introduce a new parameter Se, the equivalent surface area of the filter,
which represents the sum of the frontal area of the fibers and the droplet in the cell
exposed to the gas stream, that is, the area where the filtration process occurs. This
parameter is calculated as the total front cross-sectional area of the fibers in the cell
plus the cross-sectional area of the drop and minus the front cross-sectional area
of the fibers located in the drop:

Se = 4X3D3
dc

πdf
+ πD2

d

4
− 2D3

dc

3df
(11.16)

Using Se allows the evaluation of an equivalent filter packing density, ce, which
represents a realistic combined packing density of the fibers and liquid deposits on
the filter:

ce = 4X3Ddc + 0.785πdf − 0.66πDdc

4X3Dd
(11.17)

Analysis of Eq. (11.17) suggests a very interesting conclusion: the equivalent
packing density could be larger or smaller than the packing density of the dry
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filter depending on the filter parameters, liquid loading, and droplet size (relates
to the filtration velocity). Considering that filtration efficiency is proportional to
the packing density, the filter performance could also vary from lower to higher
performance as compared to the dry filter scenario.

11.3.2
Practical Aspects of Non-Wettable Filter Design

Considering that a number of unknowns are involved in the suggested model, in
order to apply it to a non-wettable industrial filter design, some prior laboratory
investigations are required. Two major parameters ought to be obtained for the
particular filter and liquid of interest for a range of gas velocities: area of filter
blocked by liquid, and maximum size of droplet capable of remaining on the filter.
Considering a linear relation between the gas velocity and the pressure drop, the
area of the filter blocked by water could be evaluated by comparison of the dry filter
resistance against the resistance of the filter acquired during steady-state liquid
aerosol removal. In particular, the liquid of interest is aerosolized and passed
through the filter. At the beginning of the process, the pressure grows due to liquid
accumulation on the dry filter up to the point when the amounts of liquid supply
and drainage become equal, after which no further pressure increase is observed.

Interestingly, the concentration of the liquid aerosol could substantially alter
the pressure drop only for low-concentration streams. In contrast, for highly
concentrated gas carriers, even significant alterations of the aerosol content cause
only minor variations in the pressure drop. Theoretically, this might not be
observed for highly viscous liquids – however, even experiments with relatively
viscous oils verified its validity.

As discussed before, the easiest way to acquire information about the maximum
droplet size sustained on the filter is to take photographs of the filter face under
steady-state process conditions and to measure the droplet sizes on the images. The
photographs ought to be taken through a transparent window strategically made in
the filter holder to ensure maximum possible filter area coverage. The final product
of this procedure is a graph similar to that obtained for water droplets (Figure 11.9)
by Agranovski and Braddock [11]. Using the results of these experiments allows
one to estimate the equivalent packing density by Eq. (11.17) and more realistically
to predict the filter efficiency and resistance for a particular application.

11.4
Filtration on a Porous Medium Submerged into a Liquid

11.4.1
Theoretical Approach

A special case of the removal of an aerosol by a wet filter is based on passing a gas
stream through a porous medium submerged into a liquid. It was shown [33–35]
that aerosol particles can be removed efficiently by such bubbling devices, and the
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efficiency of filtration does not depend significantly on the height of the liquid layer
above the filter (obviously, it ought to be ensured that the porous medium is fully
submerged). The low dependence on the height of the liquid layer suggests that
the majority of particles are being removed from the gas during passage inside
the porous medium. Figure 11.10 illustrates the bubbling process at various gas
flow rates. As can be seen, altering the gas flow rate does not significantly increase
the bubble size, increasing only the number of bubble release points at the filter
surface.

(a)

(b)

(c)

(d)

Figure 11.10 Bubbling of the air through
the filter submerged into liquid: (a) to (d)
show the air flow rates 0.01, 0.03, 0.1 and
0.5 m3/m2 s.
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Particle removal occurs when the gas carrier is split into a number of bubbles or
jets at the entry to the porous medium and travels along narrow and tortuous paths
inside the filter. Using wettable fibers ensures that no direct contact of the gas with
the solid fiber occurs, eliminating any possibility of settlement of particles directly
on the fiber, causing blockages. In contrast, the particles are removed by the liquid
coating of the submerged filter and remain in the liquid, enabling the technology
to run in self-cleaning mode. For heavily polluted industrial streams, some fresh
liquid make-up could be used to control the particle concentration in the collecting
liquid. However, for low-concentration aerosol streams, the technology could run
for extended time periods with no make-up liquid required.

The following model is commonly used to evaluate the particle removal efficiency
on a bubble wall. During the upward motion of a gas bubble through a liquid,
air circulation proceeds inside the bubble [5]. For small bubbles with a Reynolds
number, Re, between 1 and 700, the velocity of the circulating gas at the surface of
the bubble, Uτ , is given approximately by

Uτ = 1.5Vb sin θ (11.18)

where Vb is the velocity of rise of the bubble and θ is a latitude angle measured
from zero at the direction of rise.

The aerosol particles are considerably smaller than the bubbles and the inter-
ception effect of filtration can be neglected. In this case, the absorption of aerosols
in bubbling is mainly due to inertial deposition and diffusion [5]. Commonly, the
efficiency of inertial deposition, ηi, of spherical particles in the Stokes law region is
estimated as the ratio of the number of particles deposited in the filter, to the total
concentration of particles before filtration. Thus

ηi = 3Vbd2
pρpC

500 µgd2
b

(11.19)

where dp is the diameter of the particle, µg the dynamic viscosity of the gas, ρp

the density of the particle, db the diameter of the bubble, and C the Cunningham
correction coefficient. For the efficiency of diffusion deposition, ηD, Fuchs [5] showed
that

ηD = 0.03

√
D

Vbd3
b

(11.20)

where D is the particle diffusion coefficient. The above equations for the estimation
of ηi and ηD are based on a distance of 1 cm travelled by the bubble.

One of the main benefits of the suggested arrangement is related to the fact
that the presence of liquid along with a substantial area of gas–liquid interface
during passage of the gas through narrow channels makes the technology very
efficient for the simultaneous removal of particulate and gaseous pollutants for
a range of industrial and domestic applications. The easiest way to use the
suggested technology is to retrofit it into some existing plate scrubber technology
by submerging a porous medium with required characteristics into an irrigation
liquid on the top of a heat–mass exchange sieve plate. A rigid restricting metal
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mesh ought to be installed above the porous medium to ensure that no medium
displacement can occur.

To predict the process efficiency, the gas flow in porous media ought to be
characterized. Considering that the process is internal, no direct visualization is
possible, so more sophisticated instrumental techniques are required. One good
candidate able to visualize the process is nuclear magnetic resonance (NMR)
[36, 37]. Considering the dynamic nature of the process, the following procedure
could be used (see Figure 11.11). A filter is fixed stationary in a hermetic plastic
cylindrical capsule (the material of the capsule has to be chosen to be transparent
for NMR) with an external diameter suitable to fit in the core of an available
NMR imaging machine. The air is supplied by a pump through the bottom of the
capsule and bubbles through the wet porous medium securely fixed in the capsule
to ensure no displacement throughout the entire run. The water level above the
filter is maintained by a syringe and controlled by a high-resolution differential
manometer. Any evaporative losses, detected by a decrease in the pressure drop
across the medium–liquid system, are made up by fresh water from the syringe
to ensure the stationary process conditions required for 3–4 hours to enable NMR
scanning of the entire filter in the vertical direction with the minimal possible
step. A perforated plate with a small opened area (usually 3–10%) is located below
the porous medium to ensure that there are no liquid losses due to fall under
gravity. However, for filters with relatively high packing density, liquid remains
on the surface due to the pressure gradient and no additional perforated plate is
required.

Syringe

Air discharge

Central
core
of NMR

Porous
medium

Filter
holder

Air inlet

Manometer

Flowmeter

Perforated
plate

Figure 11.11 Use of NMR for
visualization of the process.
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Figure 11.12 shows an example of the sequential NMR images made for a 6 mm
thick polypropylene porous medium consisting of 12 µm fibers packed with the
density of 11%. A series of horizontal images was taken along the filter, with a
vertical resolution of 375 µm between them. The black areas in the figure represent
air and air pathways (transparent for NMR), while the white areas represent
water – the shades of gray represent mixtures of air and water. Figure 11.13 shows
a vertical slice through the same filter oriented along the axis of the larger pathway
identified in Figure 11.12. The presence of an air pathway throughout the filter is
clearly seen in the images. This also indicates some blind pockets of air in other
parts of the filter. These are maintained by air pressure and by surface tension at
the interface, which is supported by the polypropylene fibers transparent for the
NMR sequencing.

Using the results of NMR imaging allows one to trace all the air channels and
to calculate their total area and consequently the gas velocity. Within realistic
conditions of the process, the air flow is essentially laminar and inviscid, and flow
paths through the filter have liquid walls formed by a balance between surface
tension and pressure. The measured pressure drops across the filter are small; as
a consequence, the air flow can be assumed to be incompressible, or at constant

Figure 11.12 Sequential horizontal NMR images across the porous medium.
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Figure 11.13 Vertical NMR image across the porous medium.

density. Finally, the flow from the air pump into the lower part of the filter cylinder
is steady and assessed to be irrotational. With these assumptions, the flow is ideal
and

u = −∇φ (11.21)

where ϕ is the potential function, u is the velocity vector, and ∇ is the gradient
operator. The continuity equation then yields

∇2φ = 0 (11.22)

which is the Laplace equation. An ideal two-dimensional flow also leads to a stream
function ψ that also satisfies the Laplace equation when vorticity is not generated
in the flow field. The boundary conditions for inviscid flow are given by ψ constant
on the boundaries.

Now, the outline of the air passes obtained by NMR is digitized and assumed
to have cylindrical symmetry. The stream function is set to zero on the left-hand
boundary and to unity on the right-hand boundary of the air tube. This represents
a normalized total air flow of unity up the cylinder, which may be easily scaled.
The air flow at the ends of the cylinder is assumed to be uniform. The Laplace
equation (Eq. (11.22)) can now be solved numerically. Figure 11.14 shows solutions
for the streamlines given by ψ = c(constant), with 0 ≤ c ≤ 1. There is significant
curvature of the streamlines as the air flow adjusts to enter the air tube, with the
highest curvatures being in the mouth of the air tube. The regions of curvature of
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Figure 11.14 Model of gas flow inside the porous medium.

the streamlines on entry to the air tube represent areas where inertial effects will
cause deposition of particles on the wet sections of the filter. These regions provide
the highest capture rates of aerosol particles in the filter.

The deposition of aerosol particles in this flow field can now be predicted.
Considering the relatively high gas velocity and short residence time inside the
porous medium, the inertial mechanism of particle removal dominates in this
process. For the laminar flow regime, the equation of motion for the particles is

mr̈ = −mg + F
(
u(r) − ṙ

)
(11.23)

where r is the position of a particle in the flow field at time t specified by u(r), m is
the mass of the particle, g is gravity, and F is the drag coefficient. We assume that
the particles are spherical, so that F = 24/Rp.

The particle trajectory equation (Eq. (11.23)) is an ordinary differential equation,
which can be solved numerically using the results obtained from solving the
Laplace equation (Eq. (11.22)). The boundary conditions correspond to the release
of individual particles at representative points at the edge of the flow field, that is,
along the bottom boundary of the filter. At release, the particles can be assumed
to be moving with the velocity of the flow. We can also assume that each particle
that touches the wall of the air path is removed from the air carrier. Note that the
walls of the air pathway are formed by liquid surfaces held in place by the fibers of
the filter, so bouncing and re-aerosolization effects are negligibly small and do not
need to be taken into account.

For verification of the approach, Eq. (11.23) was solved for particles uniformly
distributed across the filter entry point, and the calculations assumed that the
particles did not interact. The resulting particle trajectories were followed until the
particle hits the liquid boundary shown in Figure 11.14. A few series of calculations
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Figure 11.15 Removal of aerosol by the bubbling process.

were made for a number of particle sizes, and the results of these calculations
are presented in Figure 11.15. The experimental curve obtained for the air face
velocity of 0.3 m/s (the same as that used for calculating the theoretical results) is
also presented in Figure 11.15. As is seen, the agreement between theoretical and
experimental results is satisfactory. Some discrepancy between the results could be
explained by the fact that, for theoretical modeling, fibers located in the air channels
are not taken into account, but they could also contribute toward the removal of
particles. Also, these calculations are used solely for illustration of the approach and
do not include other collection mechanisms, such as interception and diffusion,
which could also contribute slightly to the collection efficiency values.

11.4.2
Application of the Technique for Viable Bioaerosol Monitoring

Bioaerosols in occupational and residential environments are known to cause vari-
ous health effects, which include (with examples in brackets) infections (acute viral
infection, legionellosis, tuberculosis), hypersensitivity (allergies, allergic rhinitis,
asthma, hypersensitivity pneumonitis), toxic reactions (humidifier fever, stachy-
botryotoxicosis), irritations (sore throat), and inflammatory responses (sinusitis,
conjunctivitis). The growing concern for human exposure to bioaerosols has
created a demand for advanced, more reliable, and more efficient monitoring
methods.

Most of the currently available bioaerosol sampling devices are based on dry
filtration, impaction onto agar, or impingement into liquid. Owing to the strong
desiccation effects and corresponding low microbial recovery rates associated with
dry filtration, this method is not recommended for elongated viable bioaerosol
monitoring procedures and can mainly be employed for total microorganism
enumeration by microscopic research methods (see Chapter 12).
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The selectivity of methods based on direct collection of airborne microbes
onto agar makes them of limited use for comprehensive monitoring of ambient
air – some species may not turn into a culture, as different microorganisms require
different types of nutrients. Also, for unknown concentrations of bacteria in the
air, the agar plate may become overloaded, which reduces the accuracy of the
subsequent colony count or makes counting impossible.

Direct collection of viable aerosol particles into liquid has always been a preferred
method of monitoring, as it allows the application of various analytical procedures
to obtain the most comprehensive information both qualitatively and quantitatively
(see Chapter 12). After collection, the liquid can be serially diluted and cultured on
various agars to identify the nature and amount of cultivable microorganisms. It
can also be used for endotoxin determinations, as well as for immunologic, genetic,
and viral analyses. Various impingers are most commonly used for such collection;
however, achieving sufficient physical collection efficiency requires a very high
sampling velocity (up to 300 m/s), which usually results in violent bubbling
of the collection fluid and substantial physical stress on the microorganisms
under investigation. Owing to the high-speed impingement and violent bubbling,
conventional impingers, such as the AGI-30 (Ace Glass Inc., Vineland, NJ, USA)
may lose a considerable amount of the collection fluid within very short sampling
periods (up to 2 h) (see Chapter 12).

To address these issues, a new personal sampler has been designed to collect
viable airborne microorganisms. The operational principle of this sampler is based
on the method of bubbling of the gas carrier through a porous medium submerged
into a liquid, as described in the previous part of this chapter.

The proposed personal sampler is shown in Figure 11.16. The device consists
of two parts. The inner part contains a porous medium hermetically fixed to the
bottom by a restrictor. Before use, 40 ml of collecting liquid (for example, sterilized
water) is added to the outer part of the sampler, ensuring that, after assembling, the
porous medium is entirely submerged into it. Air inlets are located peripherally,
allowing air to enter over a 180◦ range. A pen-type clamp for attaching the device
to the user’s lapel is molded at the back wall of the sampler.

During operation, the air enters the device through six inlet pipes, strategically
designed to ensure that no liquid spills even during dynamic human activities, and
moves downward through the slot created between two parts after assembling. The
dimensions of the external and internal cases as well as the size and number of air
inlets were chosen to minimize the deposition of particles on the walls after they
enter the sampler but before they reach the collection fluid. Upon reaching the
bottom of the sampler and coming in contact with the collection fluid, the air turns
180◦ and passes through the porous medium submerged in the fluid. Particles,
including viable airborne microorganisms, are collected by the wet medium. The
effluent air then moves through the internal case and leaves the device through
an outlet pipe connected to a vacuum pump by flexible tubing. A battery-operated,
portable sampling pump is utilized to run the sampler at up to 4 l/min flow rate
for up to 8 h.
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Figure 11.16 Personal
bioaerosol sampler.

The proposed device addresses a number of drawbacks related to currently
used bioaerosol monitoring devices. First, it utilizes a highly efficient filtration
stage to collect bioaerosols within a wide range of sizes. However, compared to
the collection of bioaerosol by dry filtration, viable microbial particles are not
inactivated due to desiccation, as collection occurs directly into liquid. In addition,
use of the relevant microbial maintenance liquid as the collection medium could
keep biological particles alive for extended time periods. Second, compared to
conventional bioaerosol impingers operated at subsonic velocity to achieve some
reasonable collection efficiency, the proposed technology runs efficiently at very
low gas velocities, which ensures non-violent bubbling and, as a result, low
physical stress conditions of microbial sampling. In addition, non-violent bubbling
significantly minimizes liquid losses due to droplet removal, enabling the device
to operate continuously for at least 8 h.

The results of various investigations of the device have been published over the
past seven years [38–44]. It was found that the device is able to provide significantly
higher recovery of bacteria and fungi compared to the other techniques currently
used for bioaerosol monitoring. However, the main benefit of this technology is
based on its ability to monitor viable airborne viruses, which is not achievable
by any other previously discussed conventional technique. Table 11.2 shows the
summarized results on the recovery of various microorganisms used for laboratory
and field tests in various research programs.
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Table 11.2 Recovery rates achieved by the personal sampler for various
microorganisms.

Microorganism Recovery rate (%)

Escherichia coli (bacteria) 57
Bacillus subtilis (bacteria) 95
Pseudomonas fluorescens (bacteria) 61
Rhizopus (fungi) 88
Aspergillus versicolor (fungi) 97
Aspergillus niger (fungi) 93
Influenza strain H5N1 (virus) 24
Influenza strain H3N2 (virus) 20
Influenza strain H11N9 (virus) 23
Mumps (virus) 24
Measles (virus) 22
SARS (virus) 24
Vaccinia (virus) 89
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12
Atmospheric Aerosols
Lev S. Ivlev

12.1
General Concepts

Atmospheric aerosols are of great importance in most physical and physico-chemical
processes in the atmosphere, such as:

1) water phase transitions (development of cloud, fog, and mist);
2) solar radiation balance (heating and cooling of air layers and the Earth’s surface,

meteorological visibility, and greenhouse effect) and air movement;
3) transfers of solids and water (volcanic eruptions, dust storms, rainfall, various

kinds of industrial and radioactive pollution);
4) heterogeneous catalytic chemical and photochemical processes and reac-

tions [1].

The first three factors are fundamental in creating the movement of air masses
on various scales, including tornadoes, convective clouds, typhoons, hurricanes,
and so on [2]. Industrial and accidental ejections of harmful substances (aerosols
and other additional gases) into the atmosphere can cause a serious risk for the
environment and population. Above-ground testing of nuclear weapons in the
twentieth century changed the balance of radioactive substances in the atmosphere
and caused nuclear precipitation. The emission of chlorine- and bromine-containing
freons, as well as of nitrogen compounds, impact on the aerosols in the troposphere
and the ozone layer of the Earth’s atmosphere. This has a global aspect, together
with long-term processes of changing the chemical and dispersed composition
of pollutants, the transfer of substances in the troposphere and stratosphere, the
influence of pollution on the mass balance of substances, and temperature regimes
in the atmosphere [3]. Aerosol particles play an important role in the processes
of water vapor condensation and thus precipitation. Therefore, in meteorology,
they are called condensation nuclei, regardless of their physical and chemical
properties [4].

The classification of atmospheric aerosols is based on their method of generation,
nature, and characteristic size [5]. The main types of atmospheric aerosols are dust,
smoke, fog, and smog. Dust is composed of solid particles, usually produced in
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the mechanical crushing of solids (explosions, mining, and so on), and in the
drying of drops containing dissolved substances or particles (for example, salt).
Smoke is commonly produced in the combustion of volatile substances, as well as
in chemical and photochemical reactions. The dimensions of smoke particles can
vary from a few nanometers to ∼5 µm. Fog is composed of liquid drops formed
by condensation of water. The droplets of fog are usually up to 10 µm in diameter
and can also include dissolved substances or solid particles. Smog is produced as
the result of the interaction between natural fog and gaseous pollution containing
smoke particles. Droplets, as well as small solid particles suspended in the air,
are often referred to as haze, which is a combination of the major classes of
atmospheric aerosols mentioned above.

Aerosol particles in the atmosphere have a wide range of sizes, from particles
consisting of several molecules (clusters) with a diameter of 1 nm to large dust
particles and micro-drops of water with a diameter of several tens of micrometers.
Exact determination of the largest aerosol particles in the air is difficult because,
under different circumstances, particles of the same size can precipitate or remain
in the air for extended time periods. For example, particles of volcanic ash, dust,
and sand storms with up to 100 µm diameter can remain in the air for a long time.

The classification based on size characteristics defines three classes of aerosol
particles: small/fine (Aitken particles), with radius r ≤ 0.1 µm; medium (Junge parti-
cles), with radius 0.1 µm < r < 1 µm; and giant, with radius r ≥ 1 µm. Particles can
also be distinguished by their form: isometric, with sizes approximately identical in
all three directions; plates, with one size much less than the other two; and fibers
or chains, extended in one direction. The form of plates is frequently observed in
dust particles, and chain aggregates are formed in combustion processes. Solid
aerosol particles in general have a non-spherical form, so they are attributed some
average size. It is convenient to use the ‘‘equivalent aerodynamic diameter’’ concept,
in which an actual particle is represented by a spherical particle with a density of
1 g/cm3 that behaves similarly to the particle of interest.

Of particular interest are so-called fractal aggregates (see details in Chapter 1),
which are formed, for example, during nucleation and coagulation of smoke
particles or ice crystals in clouds. Usually, they are friable structures with an
uncertain relation between their linear dimensions and density (flakes, snowflakes).
In this case it is necessary to bring in an additional variable, called the fractal
dimension of the particles [2].

A typical size distribution of particles in the atmosphere is shown in Figure 12.1.
As can be seen, the concentration peak is observed for particles between 0.01 and
0.1 µm. Near the Earth’s surface, the concentration, N, of particles in this size
range varies from 10 cm−3 (above the ocean) to 103 cm−3 (above the land). The
atmospheric aerosol size distribution is subject to strong changes, especially due
to processes of evaporation, condensation, and coagulation (see Chapter 1).

Aerosol particles in the atmosphere can be either neutral or charged (ions)
[6]. Ions in the upper atmosphere are formed by the interaction of elementary
particles and short-wave radiation with gases. At lower altitudes, the main ionizers
are radioactive emission from the Earth’s crust and cosmic rays; near the Earth’s
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Figure 12.1 Size spectrum of aerosol particles in the
atmosphere (N ≈ 3 × 104 cm−3): (1) Aitken particles;
(2) Junge particles; and (3) giant particles.

surface 1.5–1.9 ion pairs are formed per second per cubic centimeter. At a height of
15 km this number reaches its highest value of 225–300 s−1 cm−3 with subsequent
decrease of formation efficiency at higher altitudes [7].

In cloudless systems, charged particles (ions) are contained in the fine dispersed
fraction. In the simplest classification, two classes of ions are considered: heavy (or
large) and light ions. The heavy ions coincide in size with the condensation nuclei
and have a radius from 7 × 10−3 to 1 × 10−1 µm. Light ions are charged clusters
consisting of several molecules or atoms (r ∼= 7 × 10−3 µm).

Ions are characterized (Table 12.1) by their mobility µ± (cm2/s V) =
a(e/m)(λu/VT), where a is a numerical coefficient (0.5–1.0), the parameter e/m
is the ion’s charge-to-mass ratio, λu is the average length of the ion’s mean free
path, and VT is an average speed of the ion’s thermal movement. The mobility of
light ions is 1–2 cm2/s V, so that the mobility of negative ions is somewhat higher
than that of positive ones. The presence of water molecules in the air causes some
decrease in the ion mobility.

Ions have been classified according to their physical mechanisms of formation
and evolution in the atmosphere, as follows.

Table 12.1 Classification of ions (according to J. Bricard).

Type of ion µ± (cm2/s V) R (108 cm)

Light 1–2 7–10
Average 0.01–0.001 80–250
Heavy 0.001–0.00025 250–550
Ultra-heavy <0.00025 >550
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1) Molecular ions are usually single molecules or parts of molecules carrying one
or several elementary charges. Their lifetime (τ ) depends on the concentration
and type of the molecules with the dipole moment. The lifetime of molecular
ions decreases with increase in their concentration. Their average minimum
lifetime in the boundary layer of the atmosphere under standard conditions is
10−10 –10−11 s.

2) Light ions are formed by merging of molecular ions carrying a charge of
± (1–4)e with easily polarizable molecules carrying a large dipole moment,
for example, water molecules. In this situation, the ion is surrounded by up
to four neutral molecules (Ze ≤ 4). By analogy with ions in aqueous solution,
such ions can be called hydrated ionic complexes. The mobility of light ions is in
the range 0.5–5 cm2/s V. The lifetime of a light ion is usually from 1 to more
than 100 s.

3) An ion could reach intermediate size if the number of surrounding ionic
molecules increases (Ze ∼= 10). At normal atmospheric conditions the mobility
of such ions is within the range of 0.05–0.5 cm2/s V.

4) The ions become more stable if they recombine with neutral aerosol particles.
These objects are called heavy (complex) ions or Langevin ions. The range
of mobility of such ions is from 0.001 cm2/s V to infinitesimal quantities,
and their sizes are from hundredths (Aitken particles) to tens of micrometers
(dusts, hydrometeors).

12.2
Atmospheric Aerosols of Different Nature

The main sources of atmospheric aerosols are the land surface, seas and oceans,
meteoritic flows, forest fires, chemical and photochemical reactions in the atmo-
sphere, and various human activities.

12.2.1
Soil Aerosols

The most significant source of aerosol particles is soils, including the surfaces
of steppes, deserts, and mountains [3]. Soils contribute about 50% of all aerosol
particles in the atmosphere, which represents more than 500 billion kilograms per
year. Soil dust rises and moves with winds at a speed of several kilometers per
hour [8]. Even a light breeze above a ploughed field raises clouds of dust. The most
efficiently aerosolized are loess soils, which are composed of fine dust, settled from
the atmosphere over prolonged time periods. Dust storms in the steppe and desert
regions of North America exemplify this kind of process.

Analysis of satellite images shows that enormous amounts of dust are conceived
in the western Sahara desert. The gigantic dust cloud produced in the regions of
the Takla-Makan and Gobi deserts in Asia as the result of the dust storms in April
1976 reached the Arctic and was observed in Alaska. The speed of the dust cloud
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was approximately 80 km/h and it moved about 4000 tonnes of dust per hour. As
a result, for five days of moving across Alaska, it transferred about half a million
tonnes of Asian dust.

The presence of quartz, silica, alumina, carbonates, calcites, and oxides of iron
is common for aerosols of soil origin. The organic matter in aerosols of soil
origin usually does not exceed 10%. On the other hand, soil-originated dust is
enriched with the oxides of iron and manganese, which is not the case for their
sources. This could possibly be explained by selectivity of physical and chemical
aerosol formation processes. A very similar composition of dust is found above
the various different open areas of the Earth’s surface, namely mountains, deserts,
semi-deserts, and steppes.

The size distribution of soil aerosols covers the submicrometer region – however,
the maximum can sometimes be observed within the range of 1 µm ≤ r ≤ 5 µm.
Particles with radii less than 0.1 µm are usually formed by crystallization of salts
dissolved in the groundwater. Some estimates show that the number of such
particles could reach 104 –105 cm−2. Very intensive aerosol generation is frequently
observed in solonchak soils. Some measurements carried out in the Kara-kum
desert allowed the contribution of solonchak-soil-originated aerosols to the total
atmospheric aerosol content to be evaluated as approximately 20–30% [9].

Mineral particles, which enter the atmosphere above deserts due to a process
of saltation, are an essential component of dust aerosols. Initially, the process of
saltation was related to the ‘‘explosion’’ of soil particles leading to the production of
aerosol particles. The intensity of the process was correlated with the velocity-related
shear of the wind on the surface of the soil. In addition, previously the process was
considered to be oscillatory. However, it is now agreed that the model of saltation
is monotonic in relation to the wind-velocity-related shear [10].

The important characteristic of dust aerosols is related to their ability to undergo
distant transfer from the source. For this reason, during dust storms, dust aerosols
become an essential component of the tropospheric particle composition above the
ocean. Applying factor and cluster analyses of ‘‘reverse’’ trajectories, it is possible
to recognize sources and types of aerosols sometimes generated at substantial
distances from the ocean.

The deserts of northwestern China cover a territory of 1.3 × 106 km2 and are
located at elevated altitudes in the zone of west–east transfer. This region of
deserts is characterized by a dry climate, which produces favorable conditions for
aerosol formation and subsequent release to the atmosphere, especially during the
frequent dust storms. The region is the main source of dust aerosol supply to the
Pacific Ocean in the Northern Hemisphere in spring and early summer.

The maximum observed concentration of atmospheric aerosols exceeds
260 µg/m3, with approximately 82% being dust particles. They contain Al, Ca, Fe,
K, Mn, Si, and Ti, with relative weight concentrations of 7, 6, 4, 2, 0.1, 32, and 1%,
respectively. The contribution of local or background aerosols is usually only 11%,
whereas the remaining 89% are the products of distant transfer.

An electron microscope study using the method of cluster analysis of samples
collected in the Negev desert (Israel) in the summer and winter 1996–1997 showed
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the presence of 11 classes of particles. The summer tests were dominated by
sulfates and mineral dusts, the winter ones by particles of sea salt and industrial
aerosols. Interestingly, the submicrometer fraction was substantially composed of
particles of the second origin, which in the case of the presence of the sulfate
component could be related to distant transfer.

The presence of dust particles in the atmosphere influences processes in the
atmosphere and even in the oceans. For example, dust aerosols are responsible
for a change in the concentration of sea phytoplankton. Some carbon compounds
formed in the processes of photosynthesis, including particulate organic carbon
(POC), particulate inorganic carbon (PIC), and also dissolved organic carbon (DOC),
undergo transfer at depths below 100 m. This process was called the ‘‘biological
pump’’ and it plays an important role in the global carbon cycle [11].

Some measurements have shown an approximate doubling of biomass in the
ocean mixed layer within two weeks after passage of a dust cloud from the Gobi
desert. This fact could be interpreted as the process of ‘‘fertilizing’’ the ocean,
caused by iron in the particles of dust stimulating the formation of organic carbon
in the form of particles [12].

During aerosol studies in Tadzhikistan in August–September 1981, along with
chemical analysis and monitoring of meteorological conditions, optical and mi-
crophysical particle characterization (scattering at λ = 0.55 µm, ultraviolet–visible
absorption), and electron microscope analysis were performed. It was found that
the value of the scattering coefficient, σ (λ = 0.5 µm), was increased by an order
of magnitude during dust storm events. Thermo-optical analysis showed that the
proportion of volatile components in submicrometer particles was increased during
storms. The beginning of a dust storm was accompanied by a sharp increase of
concentration of submicrometer particles with a > 0.4 µm (Figure 12.2) and by a
decrease of concentration and size of the highly dispersed fraction as a result of
their precipitation into the submicrometer fraction. The productivity of the source
of the highly dispersed particles was approximately 103 cm−3s−1 and practically all
of them precipitated on submicrometer aerosols. Analysis of the infrared spectra
reports that the main components of the submicrometer aerosols are clay min-
erals, soot, and organic matter. An increase of the mineral particle concentration
during dust storms leads to intensive sedimentation of organic matter and soot
on these nuclei, which changes the morphology of the particles, sharply increases
absorption, and changes the spectral aerosol characteristics.

Some studies of the transfer of Sahara dust aerosols across the Atlantic Ocean
show a strong correlation (r2 = 0.93) between the concentrations of non-salt
sulfate aerosols (SO4

2−) and dust, with the corresponding ranges 0.5–4.2 and
0.9–257 µg/m3, respectively. Daily variations in the microstructure of aerosols
of both types were found to be insignificant. However, the concentration of
large sulfate aerosol particles with an aerodynamic diameter exceeding 1 µm varies
substantially (from 21% to 73%).

As was visualized from satellites, the maximum values of large particles con-
taining SO4

2− above the ocean are associated with the transfer of Sahara dust, and
the minimum values with the arrival of air masses from the central region of the
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Figure 12.2 Change of concentration of highly dispersed
aerosols, NHD (open diamonds), and submicrometer
aerosols, NSM (filled diamonds), and of the modal radius
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dust storm in Dushanbe (23 September 1981).

North Atlantic, where the concentration of dust is less than 0.9 µg/m3. Elevated
amounts of sulfate-containing particles are supposed to be the consequence of the
heterogeneous reactions that occur in the atmosphere above North Africa between
SO2, which is contained in polluted air from Western Europe, and Sahara dust.

12.2.2
Marine Aerosols

A substantial part of the Earth’s surface is covered by water, which determines the
structure and properties of aerosol formation processes in the lower layers of the
atmosphere. The air above an ocean carries a substantial amount of water vapor,
which can condense or evaporate from the aerosol particle depending on ambient
conditions. The air temperature profile above the ocean, and correspondingly the
aerosol composition at various altitudes, are determined by interaction of solar
radiation with the surface layer of the ocean [13].

At low relative humidity, a marine aerosol particle could appear as a solid
sea salt nucleus with adsorbed or even absorbed molecules of water. In the
initial formation stages, a marine aerosol particle could have a solid core coated
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by water–salt solution. Finally, the marine aerosols could be micro-droplets of
water–salt solution of different concentration depending on the relative humidity
and dew point.

The sea surface is the second powerful source of aerosol particles, which
contributes approximately 20–30% of the total mass of dispersed phase in the
atmosphere. Some estimates show that the global release of marine-originated
aerosols exceeds the total release of all natural and anthropogenic aerosols and
reached 3300 Tg in the year 2000. Some projections indicate that the emission of
marine salt to the atmosphere will reach the huge value of 5880 Tg/year by the year
2100, which could cause an alteration to the solar radiation reaching the ground
by approximately 0.8 W/m2. However, one should consider that the lifetime of salt
particles is usually shorter compared to that of particles of alternative origins.

The chemical composition of the mineral components of marine aerosols is quite
similar to the chemical composition of the sea water dry residue: NaCl 78%, MgCl2
11%, and CaSO4, Na2SO4, plus K2SO4 11% in total. The concentration of the salt
particles above the ocean could reach 100 cm−3, but on average is around 1 cm−3.
The maximum of the salt particle size distribution is usually observed at around
0.3–0.4 µm.

The basic processes for the formation of marine aerosol include the following:

1) wind generation, in particular, the bubble mechanism of small particle forma-
tion, when particles are produced as the result of a bubble burst;

2) evaporation of molecules, ions, and aqueous clusters from the sea surface;
3) formation of particles due to exchange of electric charge between the sea

surface and the near-water layer of the atmosphere.

Organic surfactants and oils are concentrated at the surface of the ocean in a
thin layer (about 1 µm). Bubble burst at the sea surface leads to the formation
and release of organic aerosol matter and sea salts. The organic matter plays an
important role in the optical phenomena at the near-water layer of the atmosphere.
The concentrations of sea aerosols above the exposed surface of the water depend
on the temperature and salinity of the water, and the temperature and humidity
of the air. However, the major factor that influences the formation and transfer
of aerosols is the wind speed. The intensity of the generation of sea aerosol
particles is determined by the wind speed, by the presence of surf zones, and by
the temperature conditions of the near-surface layer of water. The generation of
particles during sputtering of drops occurs when the wind speed exceeds 7 m/s and
reaches its maximum at 15 m/s. The concentration of sea salt in the air shows a
clear dependence on the wind speed and is usually within 2–50 µg/m3. The average
salt content of particles lies within the range 10−15 –10−14 g, which corresponds to
a droplet size of 0.2–0.5 µm. The results of experiments show that a significant
contribution to the aerosol spectrum is also made by smaller particles with a salt
content of 10−16 –10−15 g, which corresponds to a diameter of 0.1–0.2 µm.

Two mechanisms determine the wind-generated formation of aerosols: (i) gen-
eration of particles from fragments of the liquid film at the point of bubble release
from the liquid, termed film drops (FDs); and (ii) formation of particles as the
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result of evaporation of drops ejected to the atmosphere under the action of the
wind, termed jet drops (JDs). FD particles are characterized by an exponential
dependence on the wind speed, and their formation is less dependent on the wind
speed compared to the JD aerosols. An increased concentration of FD particles
at wind speeds of less than 5 m/s testifies to the possibility of existence of some
other bubble formation mechanism, which functions most intensively during the
daytime, clear weather, and during ice melting events. JD particles consist mainly
of organic components; however, the salt component of these particles increases
when the wind speed exceeds 12 m/s, making salt the dominating substance. The
JD contribution becomes significant at wind speeds above 5 m/s.

The generation of drops and their subsequent drying could cause salt crystal
fracture. Some experimental investigations of salt crystal stability confirmed the
possibility that sodium chloride crystal fracture could be achieved by ultraviolet
irradiation, by an electric field (500 V/cm), and by heating particles 10–15 ◦C
higher than the air temperature (to 30–40 ◦C). The effect of salt particle fracture
was distinctively revealed for a relative humidity below 30–35%.

Although the chemical composition of the particles ought to correspond to the
composition of the salts dissolved in the sea water, in the full-scale experiments
some enrichment of the content by various elements is observed. This could be
explained by the fact that bubble burst occurs at the surface microlayer, where
the elemental composition could be different from that in the bulk ocean. Mass
spectrometry of this type of particle shows that the prevailing component of organic
films is palmitic acid, whereas all other fatty acids play an insignificant role. These
aerosols have an essential influence on the chemical composition of the near-water
layer of the atmosphere. As one can understand, during frequent cases of oil spills,
the concentration of organic aerosols sharply grows and significantly dominates
over aerosols of other origins.

Morphological particle structure corresponds to the structure of sulfate particles.
A considerable proportion of larger particles (d > 0.2 µm) also have the morpholog-
ical structure of sulfate particles. Consequently, in the air above the sea surface, an
intensive generation of aerosol matter from gaseous sulfur compounds, including
SO2, H2S, and (CH3)2S, occurs. However, gas-phase oxidation to SO3 does not
explain the existing experimental data on the size distribution of sulfuric acid
and sulfate aerosols, particularly the presence of sulfate particles with d > 0.2 µm
at concentrations exceeding 5 cm−3. Solar radiation accelerates the processes of
conversion of sulfur compounds into sulfurous anhydride, but it is not sufficient to
explain the observed particle size distribution, as the concentration of particles with
diameter less than 0.1 µm has to be considerably higher. The layer-by-layer determi-
nation of the chemical composition of such particles by spectroscopy showed that
the nuclei of the particles frequently contain NaCl, which makes it possible to take
for granted that the oxidation of sulfur compounds occurs in essence in the drops
containing dissolved sea salts. The sulfate particles in the size range of 0.3–2 µm
are the products of hetero-phase reactions, while particles with d < 0.1 µm are the
products of the gas-phase reactions of oxidation.
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The formation of sulfate aerosols above the ocean is determined by contributions
from two sources: (i) biogenic sources of gaseous compounds of sulfur, mainly
dimethyl sulfide (DMS); and (ii) anthropogenic sources, predominantly SO2.
Both sources are characterized by strong time- and latitude-related changes. The
biogenic contribution is usually evaluated by consideration of the concentration of
methane sulfonate (MSA), which is one of the steady products of hydroxyl, OH,
oxidation of DMS.

The most essential source of sulfur products in remote areas of the oceanic
atmosphere is DMS, which is formed in the ocean by biological processes and re-
leased to the atmosphere in a form of cloud condensation nuclei (CCN). Numerical
modeling verifies the fact that approximately 30–50% of DMS is converted into
SO2. Non-salt sulfates are contained mainly in super-micrometer salt particles,
contributing 35% (±10%) in summer and 58% (±22%) in winter to their mass.
The analysis of samples from Mace Head, on the west coast of Ireland, showed
that 30% of non-salt sulfate in summer appears due to gas-phase transformation
of DMS emission from the ocean.

A field study of the physical, chemical, and nucleation properties of atmospheric
aerosols above the southwestern sector of the Pacific Ocean (to the south of
Australia) was commenced in 1995 [14]. The prevailing component of the aerosols
in the region is sea salt (90% of particles with a diameter of more than 130 nm, and
70% of particles with a diameter of more than 80 nm). Fifty per cent of particles
with a diameter larger than 160 nm contain organic components bonded with sea
salt.

Aerial measurements of water-soluble ions above the Pacific Ocean in the
Southern Hemisphere reported unpredicted low values of total ionic composition
in the troposphere (2–12 km) in spite of the influence of significant emissions
from biomass combustion processes coming from the west [15].

The influence of anthropogenic activities on the atmosphere and properties
of aerosols are noticeable even at remote oceanic locations. At altitudes higher
than 3 km, the products of biomass combustion were observed. About 11–46% of
sulfate aerosols with a diameter of more than 100 nm contained soot sourced from
biomass combustion in South Africa [16].

12.2.3
Volcanic Aerosols

Volcanoes that eject into the atmosphere colossal quantities of materials are
powerful sources of aerosols. Approximately 800–900 volcanoes are considered to
be active, and around 20–30 volcanoes erupt annually, emitting into the atmosphere
approximately 3 × 109 tonnes of ash. The most powerful eruptions of ash ejected
into the atmosphere were: 175 km3 (Tambora, Indonesia, 1815); 20 km3 (Krakatau,
Sunda Strait, Indonesia, 1883); 10 km3 (Santa Maria, Guatemala, 1902); 21 km3

(Katmai, Alaska, USA, 1912); 20 km3 (Cerro-Azul, Chile, 1932); and 0.5 km3 (El
Chichon, Mexico, 1982).
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Volcanic eruptions make a significant contribution to the optical characteristics
of the atmosphere, because, according to actinometrical observations, the products
of eruption remain in the stratosphere for more than a year [17]. It is remarkable
that clouds of gas and ash rise to enormous altitudes (Krakatau to 60 km, El
Chichon to 37 km)! The cloud produced by the Krakatau eruption took three years
to settle. The products of the El Chichon eruption were observed in Italy and Japan
six months after the event and caused a temperature decrease in the Northern
Hemisphere by 0.5 ◦C for three consecutive years. Primary dust particles descend
to the troposphere for several months depending on their sizes and heights of
ejection. Sulfur dioxide and carbonyl sulfide undergo chemical and photochemical
reactions with atmospheric gases and aerosols, forming sulfuric acid and sulfate
aerosol particles.

Another reason for the prolonged existence of aerosols in the upper layers of the
atmosphere is sequential eruption of one or more volcanoes following the initial
eruption. The strongest volcanic eruptions of the present era were El Chichon
(March 1982) and Pinatubo (June 1991), with a time difference of nine years. Some
light detecting and ranging (LIDAR) measurements in Western Europe showed a
sharp increase of the aerosol component during periods of three years after the
eruptions (Figure 12.3). Detailed analysis of the variations in the values of the
integral aerosol back-scattering coefficient during these eruptions shows high flare
and geomagnetic activity (geomagnetic disturbance storm time index Dst > 100). It
should be noted that the El Chichon eruption was preceded by volcanic eruption of
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Mount St Helens (USA, May 1980), and Pinatubo activity was accompanied by the
eruption of the Cerro Hudson volcano (Chile, August 1991) (Figure 12.4) [18].

Analysis of the chemical composition of the erupted smoke and dust shows that
their major content compounds are silica (60–80%), sulfates (10–30%), calcites
(3–10%), and products containing aluminum (0–20%) and iron (1–10%).

The mechanisms of aerosol formation from the gas phase are very diverse.
Monitoring of aerosols along the coastline in the vicinity of the volcano Kilauea
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(Hawaii, USA) revealed traces of small gas compounds (SGCs), which could be
formed by the interaction of water and volcanic lava on entering the ocean [19].

Substantial contamination of the atmosphere by sulfur dioxide and carbonyl
sulfide during eruptions could strongly increase the concentrations of sulfuric
acid and sulfates in the lower stratosphere. For example, in the explosive volcanic
eruption of Pinatubo that occurred on 14–16 June 1991, some 14–26 Mt of
gaseous SO2 was injected into the stratosphere to a height of 30 km, producing
30 Mt of sulfuric acid aerosol over the next 35 days. The volcano-originated cloud
moved to the west, and three weeks after the eruption completely girded the
Earth. During approximately two weeks, the cloud crossed the equator and reached
latitude 10 ◦S. During the first one to two months the substantial mass of the aerosol
cloud was concentrated in the latitude band of 20 ◦S to 300 ◦N, and thus formed a
tropical reservoir of aerosol substances under the strong influence of quasi-two-year
fluctuations (QTFs). This reservoir is either steady or unstable depending on phase
(eastern or western) of the QTF. (The eruption occurred during the eastern phase
and therefore the tropical maximum of the layer of eruptive aerosols was steady.
Only after three to four months did aerosols begin to extend toward the middle
latitudes of the Southern Hemisphere.) Comparatively rapid motion of aerosols
toward average and high latitudes of the Northern Hemisphere occurred at heights
below 20 km. Through gaps in the tropopause and by means of gravitational
precipitation, the aerosol from the stratosphere was transferred to the troposphere.
The global mass of sulfate volcanic aerosols reached its maximum in October 1991
and then decreased exponentially for the following years [20, 21].

The high speed of nucleation is characteristic of volcanic aerosols at the layer
near the tropopause (at the bottom of the main volcanic aerosol layer) during
the first year after eruption. During this time period, it is much higher than for
sulfate aerosols from ground-based sources – however, during the second year
after eruption, the speeds of nucleation became comparable. The volcanic aerosols
influence (by means of uniform nucleation) the formation of cirrus clouds and their
global evolution. A statistically significant correlation between volcanic activity and
climatic characteristics has been observed [12].

Aerosol measurements of the atmospheric near-ground layer were carried out
during 1974–1981 by the aerosol laboratory SRIP (Research Institute of Physics)
of Saint Petersburg State University near active volcanoes in the Kamchatka
region (Tolbachik, Klyuchevskoy, Gorelyi, Karymskiy, and Mutnovskiy) and in
1994–1995 in Mexico. Particle size distributions were determined by photoelectric
counter and electron microscope analysis of particles collected by a cascade
impactor and filter (Table 12.2) [22, 23]. The smoke and dust compositions for
different volcanoes show that their major contents are silica (60–80%), sulfates
(30−10%), calcites (3–10%), and products of aluminum (0–20%) and iron (1–10%).
However, some differences were observed in more detailed investigations [24].

Some alterations of the chemical composition of aerosol particles at different
altitudes are common for volcanic eruptions. An increase in concentration of the
moderately volatile elements, including arsenic, selenium, lead, cadmium, and
zinc, is detected in small particles. On the other hand, elements characteristic
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Table 12.2 Enrichment coefficients KX for different elements
in aerosols during the eruption of the volcano Popocatepetl
(reference element Si).

Element 29/12/1994 06/01/1995 14/01/1995 21/01/1995 27/01/1995 27-28/01/1995 28/01/1995

Fe 0.24 0.228 0.72 0.36 0.40 0.40 0.32
Al 1.04 1.20 1.64 1.36 1.12 1.24 1.60
Ca 0.48 0.52 0.84 0.68 0.68 0.72 0.72
S 1.92 340 432 364 180 92 436
P ≤4 ≤7 21 ≤7 ≤4 ≤6 6.8
Cl 28.8 44 144 100 26.4 52 68
K 0.16 0.20 0.20 0.12 0.32 0.28 0.28
Ti 0.36 0.24 0.48 0.52 0.48 0.48 0.44
Cr 0.72 0.44 3.00 2.16 0.60 1.24 0.76
Mn 0.12 0.22 0.60 0.15 0.27 0.32 0.24
Ni 0.37 0.33 2.24 0.80 0.56 0.92 0.80
Cu 8.4 2.08 18.0 3.16 0.96 1.36 2.40
Zn 1.12 0.64 7.2 2.32 1.56 2.64 2.44
Ga 0.23 0.19 2.44 1.56 0.52 ≤0.44 1.20
Se 13.6 18.0 104 28 6.4 1.8 44
Br 10.4 12.4 48 19.8 22.4 12.8 9.2
Rb 0.18 0.22 2.16 1.32 0.48 0.64 1.08
Sr 0.40 0.40 0.44 0.92 0.56 0.68 0.44
Y ≤0.54 1.08 ≤296 3.44 ≤0.72 ≤1.20 3.52
Zn ≤0.34 0.27 1.52 0.72 0.72 0.72 0.52
Hg ≤180 ≤260 ≤740 ≤360 ≤180 ≤240 ≤330
Pb 5.2 7.6 36 13.6 7.2 12.8 11.6

of the magma, including silicon, calcium, scandium, titanium, iron, zinc, and
thorium, are observed in the larger particles. This is explained by the fact that the
particles in the upper atmospheric layers are the products of ejected magma and
are not related to the destroyed apex cone of the volcano. Also, different stages of
eruption generate particles with different chemical and elemental compositions of
volcanic substances.

12.2.4
Aerosols In situ – Secondary Aerosols

Photochemical and chemical reactions in the atmosphere are responsible for the
generation of dispersed nanoparticles, which are so-called secondary aerosols. They
are formed not only from organic compounds, but also from sulfur dioxide,
hydrogen sulfide, carbonyl sulfide, DMS, ammonia, the oxides of nitrogen and
some other gases, which react with oxidizers like ozone and different radicals, or
with water vapor and aerosol particles, which mainly act as catalysts [25].
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The conversion of sulfur dioxide, mainly released by industry and anaerobic
bacteria [26], and hydrogen sulfide, released to the atmosphere by vegetation and
decomposing organic materials, in approximately equal quantities of 108 tonnes
per year, produces approximately 4 × 108 tonnes of aerosols containing SO4

2−. The
emission of sulfur products from other sources is much less significant [27, 28].

Some evaluation of possible nitrogen oxide sources suggests that the total annual
amount of these materials released to the atmosphere is around 4 × 107 tonnes.
However, only ∼10–25% of these gases forms aerosol particles. A substantial
portion of these gases is oxidized to acid anhydrides, which are dissolved in cloud
droplets.

There are three main mechanisms of atmospheric aerosol formation from the
gas phase, and these will be considered in the next three subsections.

12.2.4.1 Photochemical Oxidation – Heterogeneous Reactions
This process occurs over dry areas of the Earth in the upper troposphere layer
[29]. Every hour, 0.03% of SO2 is photochemically oxidized in pure air. The
methodology of calculation of the concentration of aerosol predecessors such as
OH−, H2SO4, and HNO3 is based on direct measurements of gases, meteorological
values, and ultraviolet radiation. The theoretical results show good agreement
with the observed concentrations of nanoparticles, which makes it possible to
estimate the contribution of the ternary nucleating system H2SO4 –NH3 –H2O to
the atmospheric aerosols generated from the gas phase. It was found that it does
not exceed 50%.

The following set of reactions of transformation of sulfur dioxide to sulfuric acid
is considered:

SO2 + OH− → HOSO2−

HOSO−
2 + O2 → HO−

2 + SO3

SO3 + H2O + M → H2SO4 + M

The gas-phase conversion of sulfur dioxide occurs in the course of reactions with
different radicals. The concentration of radicals, in particular, the concentration of
hydroxyl radical, limits the intensity of the process of the production of volatile
aerosol-forming compounds (VAFCs). Most of the OH− is produced in reactions of
water molecules with metastable oxygen, O(1D), mainly sourced in the troposphere
from the products of the photolysis of ozone:

O3
hv−→ O2(1�g) + O(1D) λ ≤ 310 nm

Stationary concentrations of metastable oxygen and hydroxyl radical were calculated
by a model proposed by Isidorov [30]. As was found, the concentrations of O(1D),
OH−, H2SO4, and HNO3 were very close to the concentrations observed in the
atmosphere in full-scale experiments.

As far as nitric acid is concerned, it participates in the processes of heterogeneous
condensation along with some volatile organic compounds (VOCs), rather than in
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the homogeneous nucleation. To achieve a reasonable speed of nucleation in binary
and ternary systems with nitric acid as one of the components, its concentration
has to be on the order 1016−1018 cm−3, which is beyond any realistic values in the
Earth’s atmosphere.

12.2.4.2 Catalytic Oxidation in the Presence of Heavy Metals
The speed of this type of reaction strongly depends on the presence of suitable
catalysts (ions of heavy metals) and favorable values of pH, and can be sufficiently
high in contaminated air. The reaction takes place in both dry air and cloud
droplets.

12.2.4.3 Reaction of Ammonia with Sulfur Dioxide in the Presence of Water Droplets
(Reaction of Cloud Droplets)
The speed of formation of sulfate particles in the SO2 –NH3 reaction depends on the
NH3 supply, which ensures elevated pH values, and creates favorable conditions
for the reaction to occur. The mechanism of formation of ammonium sulfate is
effective only in the presence of liquid water, that is, in the regions of cloud and
fog. The particles of ammonium sulfate can also remain in the air after water
evaporation. The initial nuclei of ammonium sulfate have radii of approximately
30 nm and turn into drops with a size of 1 µm.

12.2.5
Biogenic Small Gas Compounds and Aerosols

Organic materials in the atmosphere either emitted from the Earth’s surface
(processes of combustion and dispersion) or produced in situ in the atmosphere
as a result of gas-phase oxidation reactions of VOCs are essential components of
atmospheric aerosols.

The main source of organic materials that are partially transformed into aerosol
particles is vegetation. According to Went [31], 108 tonnes of terpene-based products
and oxidized hydrocarbons are released annually into the atmosphere, which creates
a natural aerosol background of approximately 3–6 µg/m3. In areas with high NOx

concentration, rapid reactions of VOCs with ozone and HO and NO3 radicals
noticeably contribute to the formation of organic aerosols, which substantially
influences radiation transfer in the atmosphere.

In the first stages of VOC oxidation in the troposphere, the condensation of
products with low volatility leads to secondary organic aerosol (SOA) formation. The
main predecessors of SOA are likely to be mono- and sesqui-terpenes and aromatic
compounds. Most frequently in the atmosphere, mono-terpene hydrocarbons are
observed as α- and β-terpenes, limonene, and sabinene. The contribution of
biogenic VOCs to troposphere aerosol formation strongly depends on climate, type
of vegetation, and other factors.

Consideration of the processes involving organic gases is complicated because
of the lack of reliable information about release rates and the absence of ade-
quate information about reaction kinetics. For a reliable theoretical description
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of tropospheric hydrocarbon products (and the kinetics of the processes) from
the regional to the global scale, three approaches are commonly used: (i) surro-
gate SGCs; (ii) united molecule; and (iii) united structure of chemical processes
(USCPs). The last two approaches are most popular due to their higher reliability.
USCP is considered to be the most attractive approach, since it ensures the in-
volvement of a minimal number of SGCs and reactions. Also, a new united model,
called carbon bond mechanism–Zaveri (CBM-Z), based on the earlier developed
method of calculation of intermolecular carbon products (called CBM-IV), allowed
the implementation of numerical simulation over a wide range of time scales [32].
To obtain information about the formation of aerosols out of 14 VOCs, Griffin and
colleagues [32] conducted experiments in open ‘‘smog’’ chambers. They showed
that, for a concentration of organic matter within 5–40 µg/m3, the produced
aerosol component varied within: 17–67% for sesqui-terpenes, 2–23% for cyclic
dienes, 2–15% for bicyclic alkenes, and 2–6% in the case of the acyclic triene of
ocimene. The experiments with bicyclic alkenes (α-pinene, β-pinene, �3-karene,
and sabinene) were conducted in the dark. Oxidation was performed by either ozone
or NO3 radicals. An exceptionally intensive formation of aerosols from β-pinene,
sabinene, and �3-karene was demonstrated for the case when NO3 radicals were
involved.

Organic compounds in the atmosphere beyond the polar circles play an important
role as tracers of distant transfer and determine the chemical composition of the
atmosphere and snow cover. Table 12.3 shows the results of observations of the
chemical composition of Arctic aerosols in Alert, Canada, in February–June 1991.
As can be seen, the carbon content varies from 2.4% to 11%.

Organic compounds in the water-soluble aerosols do not exceed 20%. The concen-
tration of dibasic acid aerosol correlates with the concentration of ozone-destroying
Br and I aerosol. Some observations demonstrated the presence of lipids, in-
cluding n-alkanes (C18 –C32), polynuclear aromatic hydrocarbon (PAH) products,
n-alcohols (C13 –C30), fatty acids (C7 –C3), and α, ω-dicarboxylic acids with long
chains (C6 –C26), in Arctic aerosols. These data confirm the correlation between
natural and anthropogenic sources of aerosol organic matter.

Chemical analysis of snow samples showed that the main natural sources of light
carboxylic acid are biogenic emission from vegetation and oxidation of hydrocarbon
products in the atmosphere. The chemical composition of the snow is strongly
influenced by volcanic eruptions and forest fires. The observational data testify to
the wide prevalence of organic aerosols in the atmosphere above the ocean and
above the land. About 10–20% of organic aerosol contains cloud condensation
nuclei [33]. Organic matter also makes up a substantial part of sea salt aerosols
(about 10%).

A model of the chemical composition of organic aerosols in the atmosphere
assumes that the particles contain liquid nuclei covered with a hydrophobic
organic monolayer of substances of biogenic origin. Any alterations in organic
surface layer are caused by interaction with atmospheric radicals, which convert
the inert hydrophobic film into a chemically and optically active hydrophilic
layer that influences the radiation balance and causes climate alterations [34].
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Table 12.3 Chemical content of Arctic aerosols.

Components Concentration

Range Average value

Aerosols, total concentration (ng/m3) 2500–9100 5200
Total carbon, Tc (ng/m3) 88–639 359
Total nitrogen, TN (ng/m3) 16–154 86
Weight ratio, TC/TN 2.4–7.1 4.5
TC/atmosphere (%) 2.4–11.1 6.8
TN/atmosphere (%) 0.48–2.4 1.6
Water-soluble organic carbon, WSOC (ng/m3) 47–300 186
WSOC/TC (%) 30–72 53
WSOC/atmosphere (%) 1.2–5.5 3.4
Dicarboxylic acids, C2 –C11 (ng/m3) 7.4–84.5 36.6
Ketonic acids, C2 –C6 (ng/m3) 0.76–8.9 3.7
α-Dicarboxyl, C2 –C3 (ng/m3) 0.05–2.8 0.88
Dibasic acids, C/TC (%) 1.5–9.1 3.8
Ketonic acids, C/TC (%) 0.18–0.78 0.34
α-Dicarboxyl, C/TC (%) 0.019–0.17 0.073
n-Alkanes, C18 –C35 (ng/m3) 0.15–2.7 0.85
Peroxiacetilnitrate, PAN (ng/m3) 0.0002–0.85 0.11
n-Alcohols (ng/m3) 0.24–0.95 0.50
Fatty acids, C7 –C32 (ng/m3) 1.3–6.5 3.2
Long-chain dibasic acids, C22 –C26 (ng/m3) 0.074–0.56 0.27

The ‘‘processing’’ of organic aerosols in the atmosphere leads to the transfer of
small organic fragments into the troposphere, where they play an essential role in
the homogeneous chemistry of the atmosphere. The coating layer on the particle
surface consists of substances supplied naturally from the Earth’s surface or from
biomass combustion processes.

A significant contribution to atmospheric aerosols originates from vegetation
fires, which in middle and high latitudes reaches about 4%, and in some years 12%,
of the total aerosol mass, and contains 9% and 20% of black carbon (BC) and
particulate organic matter (POM), respectively. For example, boreal forest fires
produce 20–598 Gg/year (BC) and 0.37–11.8 Tg/year (POM), and grass fires in
Mongolia produce 62 Gg/year (BC) and 0.4 Tg/year (POM).

Incomplete combustion is common in the real environment due to stoichiomet-
rically insufficient quantities of oxygen in the combustion zone. It could also occur
due to transfer of reactants into colder regions, where an abrupt deceleration of
the combustion reaction or even its total stoppage may be observed (‘‘quenching’’
phenomenon) [35].

Some studies of organic aerosols in the atmospheric near-ground layer in Eurasia
along the Trans-Siberian railroad at distances of a few thousand kilometers have
been conducted since 1995 (the ‘‘TROICA’’ project). Daily variations of aerosol and
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SGC concentrations were obtained for different types of soils and vegetations, and
rates of CO and CH4 production for different ecosystems were evaluated [36]. As
was shown, the maximum flow of CH4 from soils in the dry areas of Eastern Siberia
reached 70 ± 35 µmol/m2h. Although CH4 emissions from tundra in the latitude
band of 67–77 ◦N are similar to those observed at considerably lower latitudes, the
boreal wetlands of Siberia in the latitude band of 50–60 ◦N contribute significantly
to the global amount of methane.

12.3
Temporal and Dimensional Structure of Atmospheric Aerosols

12.3.1
Aerosols in the Troposphere

The composition of atmospheric aerosols for a number of regions of the former
Soviet Union is shown in Table 12.4, which shows data obtained by averaging the
experimental results that exist for each of the regions [37]. The lowest concen-
trations of the elements were observed in the Ural region, Western Siberia and
Eastern Siberia, which demonstrate a close trend at total levels of 13.5, 13.3, and
14.2 µg/m3 respectively. The largest values were observed in the Central Asian re-
gions: Tadzhikistan 31.8 µg/m3 and Kyrgyzstan 28.2 µg/m3. An unexpectedly high
concentration of aerosols was detected in the Kamchatka region, 22 µg/m3. The
difference between the regions is more significant for the group of terrigenous
elements, reaching a value of 5 for Kyrgyzstan/Far East.

12.3.1.1 Terrigenous Elements
The share of terrigenous elements increases from the European area of the Russian
Federation to Kazakhstan, and then tends to decrease (Table 12.5). In the Central
Asian regions, the concentration of terrigenous elements alters significantly,
reaching a maximum in Turkmenistan (40%). From Western Siberia to the Far
East region, the share of terrigenous elements decreases monotonically, reaching a
minimum of 9.9% in the Far East. In Kamchatka, almost a twofold increase in the
relative content of terrigenous elements is observed in comparison with the Far East.

12.3.1.2 The Group of Ions
This group in Table 12.5 all regions is the largest contributor to the total aerosol
mass. Its share in the aerosol is minimal in Kyrgyzstan (56.2%) and maximal in the
Far East region (89%) and Kamchatka (80.5%). The composition of aerosols from
different sources changes significantly. Continental sources contribute elements
from the lithosphere with a relative content approximately corresponding to their
concentrations in the Earth’s crust. However, this assumption is not valid for all
the elements. Thus, for instance, the content of silicon in the aerosol varies from
3% in Kamchatka to almost 27% in Kazakhstan. Moreover, the content of 26.7%
in aerosols of Kazakhstan is practically equal to the silicon concentration in the
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Earth’s crust. For other regions the content of silicon in aerosols is lower compared
to its percentage in the Earth’s crust. This picture is observed in the Far East,
Kamchatka, Uzbekistan, Turkmenistan, and Tadzhikistan.

Quantitatively, the deviation of the content of an element in the aerosol from
its content in the Earth’s crust is evaluated by using the enrichment coefficient
concept:

KX = (X/Fe)aer

(X/Fe)Ec

Here KX is the enrichment coefficient of the element X; and (X/Fe)aer. and (X/Fe)Ec

are the ratios of the concentrations of element X and Fe in aerosols and in the Earth’s
crust, respectively. Aluminum is often used as the base element in calculations.
Terrigenous elements have values of enrichment coefficients close to 1. Values
KX ≥ 10 could be caused by an essential influence of some other sources, including
anthropogenic and oceanic. Also, elevated values of the enrichment coefficient
could be significantly influenced by aerosol transformation in the atmosphere,
fractionation, and particle removal from the atmospheric environment. For the
elements Si, Al, Fe, Mg, Ca, Ti, Mn, Cr, and Zn, enrichment coefficients close
to 1, and usually not exceeding 10, point to their natural origin. However, iron,
calcium, and chromium are exceptions in their contributions to the aerosols in the
Kamchatka region, where their enrichment coefficients reach 39.2, 18.4, and 17.6,
respectively.

Also, it is possible to distinguish those elements whose concentrations change
synchronously either in space or in time. Table 12.6 shows the main elements
present in atmospheric aerosols along with a number of other elements that corre-
late in concentration statistically significantly. For example, iron has a significant
correlation with three elements, Ca, Ag, and Ti, and with four ions, K+, Cl−, Br−,
and Na+. The largest pair correlation coefficient for iron is observed with the
potassium ion, 0.9452, which corresponds to the 0.995 significance level. The
latitudinal alteration of potassium concentration generally corresponds to the al-
teration of iron concentration, with the only discrepancy observed in the area
from Kazakhstan to Eastern Siberia, where the potassium concentration increases
faster.

Calcium has an almost identical correlation in latitudinal variation with iron
(r = 0.9048) and titanium (r = 0.8992). The smallest concentration of calcium is

Table 12.6 Number of concentration correlations for elements.

Fe Al Ag K Ca Ti
7 6 6 6 5 5
Cl Si NO3 Br Cu Mn
5 4 4 4 3 3
Zn V Na Mo NH4 Mg
3 3 3 2 2 1
Cr Pb B SO4 Ni
1 1 1 1 0
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observed in Western Siberia, and the highest in Kamchatka. The highest concen-
tration of titanium is registered in the Urals, and the lowest in Kazakhstan. The
correlation coefficient of iron with the sodium ion is equal to 0.6974. The greatest
values of sodium ion concentration are observed in aerosols of the European area
of the Russian Federation and Kamchatka. This is explained by the fact that sodium
traditionally originates from the sea, and the quantity of sea air masses passing these
regions is the largest compared to other regions of the former Soviet Union. The
minimal concentrations of sodium are observed in Kazakhstan and Eastern Siberia.

The latitudinal changes in the chlorine ion concentration from the European
area of the Russian Federation to Kamchatka are opposite compared to iron.
The correlation coefficient between them is equal to 0.7832. It is remarkable
that a similar pattern is observed also in the sodium–chlorine pair. The smallest
values for chloride concentration are registered in Kamchatka, where their absolute
content is considerably lower than in other regions.

Aluminum concentration in the latitudinal direction has a positive correlation
with copper, silicon, vanadium, nitrate ion, and bromide ion, and a negative
correlation with zinc and the potassium cation. The concentrations of aluminum
in all these cases are close to each other and are in the interval of 0.6–1 µg/m3.
In Eastern Siberia the aluminum concentration is around 0.27 µg/m3, and in
Kamchatka it is approximately 0.13 µg/m3 (the absolute minimum of aluminum
concentration is observed in Kamchatka). The correlation of aluminum with
silicon in the latitudinal direction can be explained by the fact that they are the most
common terrigenous elements in nature. It is difficult to explain the correlation
of aluminum and copper in terms of the natural origin of these elements only.
Copper, in contrast to aluminum, appears in the atmosphere in large quantities in
aerosol particles of anthropogenic origin. A high correlation of aluminum with the
NO−

3 ion is also observed. Moreover, the latter also correlates well with silicon in
the latitudinal direction.

Increased concentrations of silver are registered in the Ural region and Kam-
chatka. It was observed that the concentrations of silver in atmospheric aerosols
are similar in magnitude in Kazakhstan and Western Siberia. However, the value
is approximately 10 times lower compared to the Urals and Kamchatka. The small-
est content of silver is observed in the aerosols of Eastern Siberia. The absolute
concentration of silver in the entire latitudinal direction is 100 times lower than
the concentration of the terrigenous elements – iron and calcium – that corre-
late with silver. Silver contributes only 10−5% of the total mass of atmospheric
aerosols.

Manganese in the latitudinal direction correlates with vanadium, sulfate anions,
and ammonium cation. The correlation of manganese with ions is poor. The
manganese concentration increases in the Ural region by almost 10 times. In other
regions the manganese concentrations are close to each other.

The formation of sulfate ions in the atmosphere occurs according to the following
mechanism. Sulfur dioxide, SO2, dissolves in atmospheric water, forming sulfurous
acid:

SO2 + H2O = H2SO3
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The solution of sulfurous acid is slowly oxidized into sulfuric acid:

2H2SO3 + O2 = 2H2SO4

Sulfuric acid is a strong electrolyte, so in dilute aqueous solution it dissociates:

H2SO4 = 2H+ + SO4
−

The sulfate ion reacts with metal cations, for example, manganese, and with
the ammonium cation. In the first case metal sulfates are formed, and in the
second case ammonium sulfate (NH4)2SO4. This formation mechanism explains
the rapid increase of manganese concentration in aerosols in the Ural region where
all the required conditions for manganese sulfate formation in the atmosphere
are present: manganese in substantial quantity, anthropogenic ejections of sulfur
dioxide, and sufficient amount of atmospheric moisture.

The above mechanism of sulfate formation is not the only one that explains
the presence of sulfates in aerosol particles. Sulfates are widespread in nature.
The most common are sodium sulfate (Na2SO4), potassium sulfate (K2SO4),
magnesium sulfate (MgSO4), which is contained in sea water, and calcium sulfate
(CaSO4), which is found in nature in gypsum. Thus, atmospheric sulfates could
be formed directly in the atmosphere, or could originate from the continents and
sea. In the latitudinal direction, sulfate concentration has two maxima, which are
observed in the Ural region and Western Siberia. Most likely, this is the result of
anthropogenic sulfur dioxide from metallurgical foundries, which are frequently
met in these regions. The sulfate concentration decreases monotonically in the
eastern direction.

Ammonium (NH4
+) does not correlate well with sulfates. However, its correlation

in the latitudinal direction is observed with manganese and the nitrate ion, NO3
−.

Most likely, these two ions represent ammonium nitrate, NH4NO3, which is
formed in the reaction of ammonia NH3 (commonly present in the atmosphere)
with water, leading to the formation of ammonium ions and nitrogen oxides. The
lowest concentrations of ammonium ions, as well as nitrate ions, are observed in
the Ural region, and the highest in the European area of the Russian Federation
and Kamchatka.

The elements and ions that are found in atmospheric aerosols form various
groups correlating with each other in the latitudinal direction. The elements that
have the largest numbers of such correlations are of terrigenous origin, and also
the potassium, chlorine, and nitrate ions.

The total concentration of terrigenous elements in essence reflects the special
physical geographical features of the regions. On the other hand, the total con-
centrations of microelements and ions do not have this characteristic, which is
possibly explained by their considerable dispersion in the atmosphere.

The group of ions makes the greatest contribution to the relative chemical
composition of the aerosol. The elemental composition of aerosols and the absolute
content of elements and ions have maximum diversity in the Central Asian regions.

Data analysis on aerosol pollution from 1980 to 1990 reveals a definite tendency
toward a decrease of the aerosol content during this period. Figure 12.5 summarizes
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Figure 12.6 Concentration of suspended matter in various
cities of the former USSR, 1984–1989: Omsk (full circles);
Kaliningrad (open squares); Novosibirsk (full line); Tolyatti
(open circles); Karaganda (dashed line).

data published in different sources on the total concentration of suspended matter
in the former USSR and USA. Figure 12.6 shows the total levels of atmospheric
aerosols in various cities across the former USSR territory. Some decrease in
the aerosol concentration was also apparent in Calcutta, Athens, Madrid, and
Milan. Some analysis of the results allows one to draw the conclusion that the
decrease of the aerosol concentration does not occur because of a decrease of
particles of anthropogenic origin, since their emission to the atmosphere did not
decrease in the 1980s. Instead, it could be assumed that some background aerosol
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resulting from natural processes substantially decreased, and the observed results
justify the long-standing assertion of the existence of atmospheric aerosols. Most
likely, the decrease in aerosol concentration observed in the lower atmosphere
is caused by natural processes, and the fluctuation period is close to the known
11-year cycle.

The aerosol concentration trend in the mid-1980s could be caused by circulation
processes, in particular by an increase in the frequency and intensity of the western
zonal circulation accompanied by an increase in frequency of the meridional
circulation, without any substantial change in its intensity. This phenomenon is
also confirmed by an increase of the Blinova index, which represents the ratio of the
linear velocity of the air along the latitude direction by the distance to the axis of the
Earth. In 1984–1989 this index grew from 34 to 42, that is, the intensity of zonal
circulation in this period was increased. An increase in intensity of the western
zonal flow above the Ural mountains could form a high-altitude pressure crest
playing a blocking role in atmospheric motion. As a result, air masses from the
Arctic Ocean start to move along ultra-polar trajectories toward Western Siberia.
The intensity increase of the western zonal circulation was accompanied by more
frequent occurrence of blocking processes in the Ural region, which was increased
from 16% in 1983 to 30% in 1988. On this basis, it could be concluded that
the aerosol concentration behavior is characterized by two simultaneously acting
processes: (i) increase in the periodicity of the moderate-scale air masses entering
from the Atlantic Ocean along zonal trajectories; and (ii) pressure-blockage-related
trajectory alteration of Arctic air masses, making them move to Western Siberia
from the Kara Sea, not across the European part of Russia, but along ultra-polar
(meridional) paths ensuring higher purity of air.

A similar conclusion could also be reached based on an analysis of the chemi-
cal composition of aerosols. The concentrations of sea-related NH4

+ and Na+ in
the aerosol mass were substantially increased during the period of time consid-
ered (Figure 12.7). In addition, the increase in these components excludes from
consideration any possibility of their anthropogenic origin.
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+ ions in Western Siberia aerosol, 1983–1989.



12.4 Aerosols in the Stratosphere 371

12.4
Aerosols in the Stratosphere

Direct measurements of aerosols in the stratosphere by aerostatic impactors were
started in the late 1950s by Junge’s aerosol group [38]. For the following years,
the instrumentation was dynamically developed by several research groups. In the
1960s, an aerostatic photoelectric counter with two size ranges, r > 0.15 and 0.25 µm,
was produced [39]. With the aid of this counter, a substantial amount of data on
the vertical structure of aerosols at heights of up to 30–35 km for different climatic
regions was acquired. The impactor’s operational principle is based on particle
settlement onto a continuously moving substrate, located near a specially designed
nozzle capable of creating a subsonic velocity for the air sample passing through
the device. The position of the particle on the substrate determines the height
of sampling, as it is associated with the duration of the ascent of the equipment
carrying the aerostat. The accuracy of the sampling height determination is ±200 m,
which mainly relates to the finite width of the nozzle, deviation of the particle from
the center of the jet, and the accuracy of the radar tracing the flight time of the
aerostat. Errors in determination of the particle concentration mainly depend on
the particle size and air sample intake altitude. Parallel measurements using other
instruments (photoelectric counter, nephelometer, and so on) significantly improve
the quality and reliability of the data.

Since 1987, a two-stage impactor has mainly been used for aerostatic measure-
ments. The first stage is used for precipitation of large particles, and also for
protection of the second-stage substrate from contamination during the violent
landing of the equipment carrier (aerostat). As a result, in many cases, data ac-
quired by the first stage of the instrument are not taken into consideration due
to the low reliability. After careful selection and testing in a large number of
experiments, polyvinyl-formaldehyde (formvar) was selected as the most suitable
material for the substrate. It is resistant to the chemically active substances found
in atmospheric aerosols, possesses strong adhesive properties, and has sufficient
mechanical strength.

In 1975 at the base of the Central Aerological Observatory near Ryl’sk City
(USSR) and in summer 1976 in the area of Laramie (USA), large-scale aerostatic
measurements of atmospheric aerosols were undertaken. Vertical profiles of atmo-
spheric aerosols were obtained by a filter trap, impactor (USSR), and optical particle
counter (USA). The possible influence of aerosols on the penetration of long-wave
radiation was examined by actinometrical sounding of the atmosphere, taking into
consideration the vertical distribution of ozone and other active gas components of
the atmosphere. These studies were continued in 1978 and the following years.

Measurements of particles with a radius r > 0.2 and 0.25 µm by impactor, and
particles with r > 0.15 and 0.25 µm by dust photoelectric probe, demonstrated
the good agreement of the results acquired in the troposphere. The discrepancy
was slightly larger at higher elevations – namely, in the lower stratosphere. Both
methods were capable of registering Junge’s layer at heights from 17 to 22 km.
The background content of stratospheric aerosol particles in Junge’s layer was
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measured to be approximately 1–3 cm−3 (for particles with r > 0.15 µm), reaching
a maximum concentration in the lowest layers of the tropopause.

The concentration of aerosols in the lower stratosphere is characterized by
maximum magnitudes and a layered fine structure of the vertical distribution.
The presence of a permanent and long-lasting aerosol layer in the stratosphere
was confirmed for both the eastern and western hemispheres of the planet.
Simultaneous measurements of condensation nuclei and aerosols showed that
the concentration of nuclei in the stratosphere is minimal and comparable with
the concentration of particles with radius larger than 0.15 µm. Relative humidity
change and the presence of condensation nuclei lead to the formation of both
condensation and coagulation stratospheric aerosols. Stratospheric aerosol content
has seasonal and latitudinal variations, which, in many cases, are related to
atmospheric circulation and volcanic activity. This assumption is supported by
comparable concentrations of aerosols at the North and South Poles.

The size distribution of stratospheric aerosols in the range from 0.2 to 2.5 µm
is described by the widely used Junge formula [22] with an exponent value of
3.5–4.0 that is relatively constant. Some tests showed the presence of approx-
imately 0.3 µg/m3 of Ca and 0.001 µg/m3 of Mn. Careful analysis of impactor
tests demonstrated that the majority of particles are either sulfuric acid or sul-
fate drops, depending on the timeframe between the nearest volcanic eruptions.
Most of the results characterizing the structure and microphysical character-
istics of atmospheric aerosols are obtained by electron microscope analysis of
impactor tests. The formvar film used as the collection substrate allows the
observation of particles with a diameter down to 5 nm. In the range of sizes
below 0.2 µm there is a great uncertainty in the effectiveness of particle cap-
ture on the substrate, especially for heights below 10 km: the results could be
substantially understated (by up to 2–3 times). The particle size distribution
was determined by counting of particles visualized by the microscope. The par-
ticle size was defined as the average projection diameter without taking into
account some possible particle deliquescence, which could overestimate the ac-
tual particle size by up to ∼20%. Morphological analysis enables the following
types of particles to be determined: particles from organic matter, sulfuric acid
and sulfate particles, small particle agglomerates, and soot fractals (Table 12.7).
It could also determine particles of mixed origin: uniform spherical particles
of dense substances (high-temperature condensates, for example micromete-
orites), and crystals formed in atmospheric reactions (in situ). Chemical and
elemental analysis is usually carried out by mass spectrometry, infrared spec-
troscopy, neutron activation, and X-ray fluorescence. Samples are usually obtained
at three altitude ranges: 4–10, 10–15, and higher than 15 km. The height of
the tropopause has an essential effect on the vertical profile of the aerosol
concentration. Aerosol layers in the tropopause are formed by exchange pro-
cesses at the boundary of the tropopause and are significantly driven by volcanic
activity.

The available data allow one to assume that optically active aerosol layers, similarly
to clouds, have radiation-active boundary layers, where a radiant heat inflow
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Table 12.7 Average relative contribution (mass %) of various
components in finely dispersed and giant aerosol particles.

Type of aerosol Weight part

<2 µm 2–10 µm

Organic aerosols 26 ± 7 18 ± 9
Element carbon 3.2 ± 1.2 <1.0
Sulfates 17 ± 4 11 ± 11
Ammonium 10 ± 2 36 ± 12
Nitrates 25 ± 6 0.3 ± 0.1
Sea salt 1.5 ± 1.3 0.1 ± 0.3
Soil 3.2 ± 1.8 32 ± 11
Small elements 0.3 ± 0.1 10 ± 7
Smoke 0.4 ± 0.2 5.7 ± 3.8
Total 86 ± 4 113 ± 50

changes sign. The optical properties and microstructure of aerosols substantially
influence atmospheric radiation conditions, and their fluctuation at the global scale
could lead to noticeable climate changes.

Temperature changes resulting from the action of short-wave and long-wave
radiation are maximum at the atmospheric boundary layer and decrease with
increase of altitude. The presence of large-scale aerosol layers in the atmosphere
(some type of Sahara aerosol layer or industrial aerosol) leads to radiation heating
at the level of 0.4 ◦C/h and decrease of the Earth’s cooling by long-wave radiation.
The presence of stratospheric aerosols and thermal stratification leads to radiation
heating by 0.1 ◦C/h in the 50–100 mbar layer.

The vertical profiles of aerosol concentration obtained in Apatites City by a
two-stage impactor (SRIPh LSU) are represented in Figure 12.8. For particles
larger than 0.3 µm, no influence of stratospheric aerosol layer was observed (above
10 km). Such an influence is weakly present in the 15.8–18.1 km elevation range
and is much more strongly seen at heights above 23.8 km. In contrast, for smaller
particles, distinctly expressed layers were revealed. Moreover, for d > 0.01 and
0.1 µm, the scenarios are noticeably different. The presence of two layers with
elevated aerosol concentrations were reliably observed in the polar stratosphere
at heights of 14–16 km and 20–21 km. Electron microscope analysis data showed
definite trends in alterations of both size distribution and morphological structure
of aerosol particles according to height. A survey of these data testifies that in the
Arctic stratosphere the quantity of particles with diameters less than 0.1 µm is
much smaller compared to the middle latitudes. The numbers of particles decrease
with increase of particle size (Table 12.8). Considerably larger particle numbers
representing all size ranges were observed in the lower stratosphere. At heights
above 24 km, the contribution of the smallest measured particles (with sizes below
0.03 µm) to the total aerosol content decreased with altitude increase. Obviously,
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Figure 12.8 Vertical profiles of the aerosol concentration N(r ≥) (cm−3).

Table 12.8 Sizes of aerosol particles at different heights,
�N(d2 − d1) (cm−3) in Apatites City, Russia.

z (km) ∆di (µm)

<0.015 0.015–0.03 0.03–0.05 0.05–0.07 0.07–0.10 0.10–0.15
5–10 17 ± 2 3 ± 1 2 ± 1

15–20 46 ± 5 22 ± 3 9 ± 2 4 ± 1.5 3 ± 1 3 ± 1
24–30 0.2 ± 0.1 1 ± 0.5 1.5 ± 0.8 2.5 ± 1.5 3 ± 1.5 4 ± 2

0.15–0.20 0.20–0.30 0.3–0.5 0.5–0.7 0.7–1.0 >1.0
5–10 2 ± 1 2 ± 1 1 ± 0.7 1 ± 0.7 0.1 ± 0.07 0.1 ± 0.07

15–20 1 ± 0.5 0.5 ± 0.3 0.5 ± 0.3
24–30 2 ± 1 1.0 ± 0.7 1.5 ± 0.8

this could be explained by a lack of production sources of particles within these

sizes. The particle size range 0.05–0.15 µm is represented by the maximum

concentration within the entire range of suspended matter. This phenomenon

could be explained by their long lifetime in the stratosphere, which leads to particle

condensation and coagulation growth allowing them to reach this range of sizes.

Trends in the change in morphological structure of aerosol particles with height

are distinctively observed. In general, relatively large particles of mineral origin,

smaller particle conglomerates, and organic particles are frequently observed in

the troposphere. Sulfuric acid particles are much less common at these elevations.

Approximately 10% of these aerosols could be interpreted as soot particles. The

contribution of acidic particles grows with height, reaching 50–60% of the total

concentration at elevations of 9–10 km. In essence, as visualized by microscopy,

these are spherical liquid particles with submerged small solid inclusions. Interest-

ingly, at this height, even solid particle agglomerates contain sulfuric acid, which

is present between the solid components.
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In the lower stratosphere, the concentration of spherical sulfuric acid particles
increases further. There are almost no particles that contain organic matter and
a very low concentration of particles of mineral origin (mainly, volcanogenic
particles).

In the upper levels of the atmosphere, particles with irregular shape practically
disappear, and mainly particles of sulfuric acid or sulfate origin are found. In
addition to acidic and sulfate particles, some interesting structures (that look like
spider’s webs), made out of ultra-small particles, could be observed.

Aerostatic measurements of aerosols by two-stage impactor were carried out in
the spring of 1994 on Heiss Island, Franz Josef Land, Russia (Table 12.9). Unlike
previous measurements, sampling was undertaken from a captive aerostat at several
height ranges: 25–50, 75–125, and 150–250 m. Unfortunately, no correction for
the wind was possible, which could contribute some inaccuracies in height re-
porting. The main scope of the task was to determine any specific microstructural
features of polar aerosols at lower layers of the atmosphere. Some parallel mea-
surements were performed on Ziegler Island, Franz Josef Land, where data were
acquired by electrostatic analyzer and photoelectric counters. The results of tests
obtained by different instruments demonstrated close agreement on the size dis-
tribution of the aerosol particles. A multimodal size distribution structure was

Table 12.9 Distribution of polar aerosol particles, �N
(liter−1), in the lower atmosphere at various heights above
sea level in March 1994 according to size, di –di−1 (µm).

∆Ni (liter−1)

di –di−1 (µm) Franz Josef Land Southern Ocean

0 m 25–50 m 75–125 m 150–250 m Atlantic Pacific

0.015–0.03 2200 1400 608 710 – –
0.03–0.06 2200 1560 815 816 – –
0.06–0.10 280 160 101 74 – –
0.10–0.15 140 75 51 37 – –
0.15–0.25 80 36 31 24.0 – –
0.25–0.40 17.0 17.0 24.0 50.0 – –
0.40–0.50 6.0 5.3 8.0 16.0 1.30 1.0
0.50–0.60 8.5 3.4 1.80 2.7 0.90 0.70
0.60–0.70 7.4 2.9 1.50 2.1 0.70 0.60
0.70–0.80 5.8 2.3 1.20 1.40 0.60 0.40
0.80–0.90 4.2 1.70 0.88 1.40 0.40 0.30
0.90–1.0 3.2 1.30 0.67 1.00 0.30 0.20
1.0–1.5 2.6 1.00 0.60 0.85 0.30 0.20
1.5–2.0 1.90 1.40 0.75 8.6 0.10 0.10
2.0–4.0 0.27 0.20 0.18 0.35 0.07 0.06
4.0–7.0 0.13 0.060 0.055 0.08 0.00 0.00
7.0–10.0 0.006 0.002 0.005 0.004 0.00 0.00
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reliably determined. It was found that the size distribution is substantially influ-
enced by the wind direction: southern winds bring in particles of anthropogenic
origin in the range 0.4–3.0 µm, whereas eastern winds noticeably decrease the
concentration of small particles with diameter less than 0.01 µm. The averaged
results of the size distribution of the polar aerosol particles are shown in Table 12.9.
Data on the size distribution of Antarctic aerosols near the coast are provided for
comparison.

Comparison of the particle size distribution spectra for different high-latitude
regions shows that the main differences in particle size are observed for aerosol with
diameter less than 0.1 µm. This finding testifies to the domination of photochemical
processes of aerosol formation from gases in the atmosphere of the region.
Therefore, alterations in particle concentrations for different sampling locations
were significant, which was especially related to the giant particles. Some elevational
variations in the particle concentration for the entire measured size spectrum were
observed in the lower layers of the atmosphere. Even unexpected concentration
bursts were detected at high altitudes. Most likely, this phenomenon is caused
by special features of the particle transfer processes occurring near the terrestrial
surface.

The morphological structure of aerosol particles at different heights testifies
to their different origins. Sulfate particles of rosette shape dominate at heights
beyond 150 m. On the other hand, at the heights below 150 m, a noticeable
part of the aerosol is made up of relatively dense spherical particles of metal
oxides with sizes of 0.01–0.03 µm. In the lowest layers of the atmosphere, a wide
variety of particle shapes and densities, along with the presence of sulfuric acid,
is observed. These results testify to the very weak vertical mixing of the lower
layers of the polar troposphere, and its distinct stratification. These findings allow
one to consider polar aerosols to be unique and to separate them into a special
type.

Research on atmospheric aerosols at heights beyond 35 km is extremely com-
plicated from both technological and methodological points of view, as aerostats
cannot be used at those elevations. Most known outcomes were reported by a
group of Swedish researchers [40], who undertook measurements in the zone
of noctilucent clouds by sampling from a rocket. Also, some impactor tests of
aerosols at elevations from 20 to 100 km were undertaken by staff of the Fedynski
Laboratory at the Central Aerological Observatory (Russian Federation) [41]. The
electron microscope analysis of these tests showed an abrupt change in the mor-
phological particle structure with height. At heights below 25–30 km the picture
was similar to the previously discussed aerostatic experiments performed at sim-
ilar altitudes. With increase of elevation, the appearance of distinctively different
spherical particles with diameter smaller than 0.2 µm was observed. Also some
particle concentration bursts were detected at heights where the temperature gra-
dient changes. The size distribution at those heights has a distinctive multimodal
character.
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13
Biological Aerosols
Sergey A. Grinshpun

13.1
Introduction

This chapter addresses biological aerosols or bioaerosols – an increasingly visible
area of knowledge that combines several disciplines such as aerosol physics, microbi-
ology, environmental science, occupational and public health, and others. Owing to the
space limitations of this book and its objective, no attempt was made to write a com-
prehensive review on bioaerosol research. Several recently published monographs
and textbooks have covered a much greater territory as compared to the scope of this
chapter. Nonetheless, in my opinion, this book (as any book on aerosols published
these days) would be lacking completeness if the bioaerosol-related material was
not included. This chapter is meant to serve as a guide through the fundamentals
and some of the recent research accomplishments in the areas of measurement,
characterization, and control of bioaerosol particles.

In addition to recognizing the importance of the bioaerosol research area, I was
excited to have the opportunity to contribute to a project that brought together
scholars who were originally trained in Russia and the Eastern European countries
during the Cold War and who are presently working at different institutions around
the globe.

13.2
History of Bioaerosol Research

The earliest effects of bioaerosols were recorded in ancient history [1]. Microscopic
recognition that became available in the seventeenth century helped to establish
the first studies on airborne transmission. By the end of the nineteenth century,
research involving airborne biological particles was conducted mostly by micro-
biologists and medical researchers. The exploration was primarily motivated by
exploring the transmission pathways of infectious diseases. At the time, the lack
of aerosol sampling methods was a major challenge. The first measurement data,
reported by Singerson [2], resulted from collecting bioaerosols in room air. In the
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1880s, a glass impinger was used for sampling of bacterial aerosols in Robert Koch’s
laboratory at the Institute of Hygiene in Berlin, Germany [3]. By the mid-1930s,
it was recognized that airborne, micrometer-sized particles may carry pathogenic
microorganisms that cause infection. For the following several decades, bioaerosol
research was motivated primarily by practical needs in three areas: public health,
defense, and agriculture. From the 1940s to the 1980s, extensive studies on bi-
ological warfare (bacterial spores, viruses, and toxins) were conducted in major
institutions of the former Soviet Union. During about the same period, similar
research programs were established and carried out in the USA and in several other
countries. Many of these programs were closed in the 1970s based on international
treaties, though some continued through the end of the Cold War.

The extraordinary progress in aerosol research that occurred in the 1960s through
1980s led to the emergence of many subdisciplines, some of which have become
‘‘self-sufficient.’’ Bioaerosol research appears to serve as a perfect example of such
a discipline. It was initially driven by the need to identify and quantify potentially
pathogenic airborne particles generated by people infected with viral or bacterial
illnesses in indoor and outdoor environments. In the initial phase, the investigators
as well as their ‘‘customers’’ were mostly microbiologists and infectious disease
experts, and the main challenge was to develop adequate methods and techniques
for sampling and analyzing airborne microorganisms. By the early 1990s, it was
widely realized that progress in measuring and characterizing biological particles
and their health effects could be most effectively made by bringing together
scientists representing aerosol physics, engineering, and microbiology, as well
as environmental and occupational health. For the past two decades, the aerosol
research community has enjoyed a rapid increase in peer-reviewed publications
and conference presentations related to bioaerosols. Recognizing the increasing
importance of bioaerosol research, the Journal of Aerosol Science allotted three special
issues to the measurement and characterization of biological aerosols – edited by
Ho and Griffiths [4], Lacey [5], and Grinshpun and Clark [6]. Further advances
in bioaerosol studies have enhanced areas such as indoor and outdoor air quality
assessment, filtration and respiratory protection, investigation and prevention of
health effects (including emerging diseases), and biodefense and counter-terrorism
research. In 2008, another special issue devoted to a variety of topics in bioaerosol
research was published by the then newly established journal CLEAN – Soil,
Air, Water (formerly Acta Hydrochimica et Hydrobiologica) [7], an interdisciplinary
journal covering all aspects of sustainability and environmental safety.

The anthrax attack in the USA as well as several recent outbreaks of emerging
diseases worldwide – severe acute respiratory syndrome (SARS), avian flu, and
swine flu – have produced an additional spike of attention to bioaerosol research
and a significant increase in governmental and industrial funding. Several reports
have been published in this decade on the assessment of health hazards posed
by aerosolized biological agents [8–12]. While numerous techniques are presently
available for sampling and analyzing airborne biological particles, the measurement
and characterization of bioaerosols remains a challenge. Another related area that
has recently moved up on the priority list is air quality control and exposure
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reduction in environments contaminated with bioaerosol particles. This includes
(but is not limited to) filtration and respiratory protection against airborne micro-
organisms.

13.3
Main Definitions and Types of Bioaerosol Particles

A bioaerosol is defined as an aerosol comprising particles of variable biological
origin, for example, viruses, bacterial cells and spores, fungi, pollen, as well as their
aggregates and fragments. The definition is often extended to protozoa, excreta,
or fragments of insects, skin scales or hair of mammals, or other components,
residues or products of organisms, such as bacterial lipopolysaccharides, that is,
endotoxins, or fungal mycotoxins [1, 13, 14]. Bioaerosols are present in both indoor
and outdoor air. According to Jaenicke [15], 5–50% of ambient particles larger
than 0.2 µm are of biological origin. Bioaerosol particles are characterized by a
broad size spectrum (from nanometers to hundreds of micrometers) and a wide
range of number concentrations. They may be aerosolized from different media,
for example, water, soil, vegetation, and, of course, living organisms. As knowledge
about the physical, chemical, and biological properties of bioaerosols has grown,
and more associations have been identified between these properties and various
health effects in humans and animals, it has become clear that bioaerosols should
be considered as an integral part in the development of a sustainable and safe
environment [16].

Generally, the behavior of bioaerosol particles utilizes the same principles as
for non-biological ones. Biological particles present a great diversity in dimension,
shape, electric charge, and other physical characteristic. In addition, it is often
imperative to distinguish between viable and non-viable bioaerosol particles. The
definition of viability is not explicit [17], but generally regards viable microbial cells
as those which are able to reproduce or have metabolic activity [14]. Less than 10% of
the airborne bacteria are typically viable [18]; higher viabilities have been reported
for fungal spores [19]. Following the same concept, non-viable organisms are
unable to reproduce. Survival or biological activity of airborne microorganisms in
the environment is an important aspect, which makes bioaerosol characterization
different from that of inert aerosols.

Among potentially viable particles, viruses are the smallest, ranging approxi-
mately from 0.02 to 0.3 µm. Bacteria and fungal spores cover a size range from
about 0.3–0.5 µm up to almost ∼102 µm. Pollen, algae, protozoa, and dander are
several tens to hundreds of micrometers in diameter [14]. The density of bioaerosol
particles is not well characterized. For microbial cells, which consist mainly of
water, the density is relatively close to (and often exceeds) 1000 kg/m3 and depends
on the degree of cell hydration, the reserve materials, and the lipid content of the
cell [20]. Intact fungal spores and pollen grains are monodisperse aerosol particles
that are usually slightly heavier than water; however, they are often aerosolized as
aggregates with particle effective density below 1000 kg/m3.
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From the aerosol science and microbiology perspectives, the most common and
explored types of bioaerosol particles are viruses, bacteria, fungi, and pollen.

Viruses represent a unique type of microorganism because they can reproduce
only inside a host cell. Those replicating exclusively within bacterial cells are called
bacteriophages. The smallest of all microorganisms, they consist of only one type
of nucleic acid, either RNA or DNA. There is a lack of information about the size,
shape, and density of airborne viral particles. Until very recently, there has been a
common believe that only viruses that are attached to larger particles are able to
survive while airborne and that high humidity increases the survival rate. Recent
studies have challenged this dogma. For instance, laboratory-generated single MS2
virions survived in the air for considerable time periods set for the evaluation
of air purification techniques [21] and face-piece respirators [22, 23]. Another
study showed that the airborne transmission of influenza virus was (surprisingly)
improved under low (<20%) relative humidity [24]. Overall, the potential for
airborne transmission of viral infections is still being debated in the scientific
literature.

Bacteria are single-celled microorganisms of various shapes (including spherical,
rod-shaped, spiral, and others). They are present in air environments as either
vegetative cells or endospores. Bacteria may be carried by other aerosol particles,
such as water droplet residues, plant materials, or the skin fragments of animals.
In relatively clean indoor environments, airborne bacteria range from 1 to 3 µm
in aerodynamic diameter [25, 26]. Bacteria tend to grow in colonies in their natural
habitats. When aerosolized, they are often aggregated as clusters or chains or
attached to other materials [27]. There are two groups of bacteria differentiated
based on the ability of the cell wall to retain crystal violet dye: Gram-positive (for
example, Bacillus) and Gram-negative (for example, Legionella). Airborne pathogenic
bacteria cause various diseases in humans, animals, and plants. Some types, for
example, the actinomycetes, may generate spores that have been associated with
specific health responses, such as respiratory allergy and asthma, particularly
resulting from occupational exposures [28].

Fungi are disseminated by the release of spores that are well adapted to various
air environments. They exhibit high resistance to stresses such as high and low
temperature, low humidity, and ultraviolet radiation. Ranging generally from 1.5
to 30 µm, fungal spores may be aerosolized as single spores but are more often
agglomerated. Most indoor fungal spores have been reported to be 2–4 µm in
aerodynamic diameter [26, 29]. A considerable amount of fungal material, such as
allergens, glucan, and mycotoxins, can also exist in smaller fragments, which are
below 1 µm in size [30, 31]. Fungal aerosols can cause allergic reactions, asthma,
allergic rhinitis, and other health effects.

Airborne pollen grains are produced by plants in large amounts. They are usually
resistant to environmental stresses. Pollen grains from different plants vary in size,
surface structure, and, to a lesser extent, shape. Limited information is available
about their aerodynamic diameters, but the physical size range is approximately
10–100 µm, with many types of pollen grains being between 25 and 50 µm [14],
which is considerably larger than the respirable size fraction. Respiratory health
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effects are associated with pollen because much smaller pollen fragments may
contain allergens [32, 33].

13.4
Sources of Biological Particles and their Aerosolization

Bioaerosol particles originate outdoors and indoors. Most bacteria and fungal
spores are aerosolized from the surfaces of plants. Various microorganisms, such as
Gram-negative bacteria, actinomycetes, and algae, are aerosolized from natural and
anthropogenic water reservoirs. Droplets resulting from rain, splashes, or bubbling
processes may contain biological particles that remain airborne after the liquid
evaporates. Some industrial environments are major sources of bioaerosols, for
example, microorganism-contaminated metal-working fluids (MWFs). Agricultural
environments produce a high level of fungal and actinomycete spores. Avian and
rodent droppings can be a source of viral and fungal agents. A variety of bacterial
and viral pathogens are aerosolized in health-care settings.

In most indoor environments, the primary source of airborne bacteria is humans
or animals. Specific bioaerosol sources may develop due to microbial growth in
buildings, including the heating, ventilation, and air-conditioning (HVAC) systems
as well as the building materials. This development occurs primarily due to
excessive moisture.

As a result of biological warfare, terrorist attack, or an accident, highly pathogenic
microorganisms, for example, Bacillus anthracis (bacterial spores causing anthrax)
and Variola major (smallpox virus), as well as microbial toxins, can be released and
subjected to atmospheric transport.

There are two approaches to determining the maximum plausible exposure to
bioaerosol particles released by a source. One method is to conduct air sampling
in the vicinity of the source for a prolonged period of time (aiming to catch
the peak concentration). The other approach is to assess the source. The particle
concentration measured with air samplers during specific time intervals does
not always adequately represent the maximum bioaerosol concentration levels,
especially for spores, due to the irregular and sporadic nature of spore release from
sources. On the other hand, the conventional source assessment (for example,
bulk sampling or surface sampling of moldy materials) does not quantify the
aerosolization potential of the source. In order to estimate the ‘‘worst-case scenario’’
of air contamination with spores aerosolized from indoor surfaces, one should be
able to assess the source strength under the conditions most favorable for spore
aerosolization.

To address the exposure assessment needs, a novel concept was developed
and evaluated [34–36]. The device designed based on this concept – the fungal
spore source strength tester (FSSST) – allows the assessment of the potential
of aerosolization of spores from contaminated surfaces. The tester is a cup-like
device with a square cross-section, A, which is held against the mold-contaminated
surface. The spores are released from the surface by small air jets that originate in
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multiple capillary-like orifices, which are distributed over an internal cross-section
and directed toward the source. The aerosolized spores are then collected into
an air sampler, attached to the tester. The number of spores, N, obtained with
this sampler operated during time t determines the aerosolization rate, N/At. The
aerosolization rate of fungal spores from a mold-contaminated material depends
on the material properties, air velocity, air humidity, and other factors [35–37].

The source strength assessment with respect to aerosolization of biocontaminant
has been utilized beyond fungal spore enumeration. For instance, Adhikari et al.
[38] used the FSSST to determine the aerosolization rate of β-(1→3)-d-glucan
and endotoxin in homes in New Orleans affected by hurricanes Katrina and Rita.
A significant positive correlation was observed between the aerosolized β-glucan
and endotoxin levels. In several studies, the bioaerosol release from sources has
been assessed through the source strength evaluation combined with air sampling.
Niemeier et al. [39] concluded that reliance on one sampling or enumeration
method (be it air sampling, source strength assessment, or bulk sampling) might
not provide an accurate estimate of fungal contamination of a microenvironment.

The other series of studies addressed the rate of microbial aerosolization from
MWFs. Since water-based MWFs are often used in industrial environments, their
microbial contamination is common, resulting in the air biocontamination when
the fluids are used in the workplace. Health effects associated with human ex-
posure to MWFs include dermatitis, respiratory symptoms, and diseases [40–42].
Evidence of these health effects in workplaces motivated a number of labora-
tory and field studies of aerosolization from MWFs. Reponen et al. [43] reported
data on aerosolized particles measured with a photometric mass monitor, optical
particle counter, and condensation nucleus counter. Microbial contamination of
semi-synthetic and soluble MWFs increased the mass concentration (as determined
by the photometric aerosol mass monitor) and the fine particle number concen-
tration (as determined by the condensation nucleus counter). These effects were
seen most clearly for the fine size range of particles aerosolized from contaminated
semi-synthetic MWF. An increase in the fine particle concentration was attributed,
at least partially, to the increase in the microbial cell wall components (fragments)
[43–45].

Laboratory-based studies on microbial aerosolization from various sources as
well as other studies involving biological aerosols require appropriate techniques
for dispersion of microorganisms into the air. Some techniques initially developed
for aerosolizing biologically inert particles were adopted for the aerosolization of
microorganisms, whereas others were specifically developed for biological particles
[46–48].

13.5
Sampling and Collection

A wide variety of bioaerosol sampling and analysis methods have been used and
new methods are being developed [6, 14, 49–55]. However, no single sampling
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method is suitable for the collection and analysis of all types of bioaerosols,
and no standardized protocols are currently available [55]. Data between studies
are often difficult to compare due to differences in sampler design, collection
time, air flow rate, and analysis method. In addition, human exposure limits have
not been established for biological aerosols to the same extent as for chemical
hazards, because of the lack of exposure, dose, and response data. This repre-
sents the main challenge in utilizing the bioaerosol sampling results for risk
assessment.

Depending on the objective of sampling, an appropriate sampling and analysis
method can be selected and incorporated into the bioaerosol monitoring design.
Measurement of airborne microorganisms with a bioaerosol sampler often aims
at documenting the presence of specific sources. Bioaerosol particles are usually
removed from the air through active air sampling. While a microorganism is
airborne, its motion is governed by the same laws of physics as applied to
biologically inert particles. The sampling phases include aspiration from the
ambient environment into the inlet of a measurement device, the transport through
the inlet to the collection area, and the collection of the bioaerosol on a specific
medium. In addition to physical considerations, the microbiological mechanisms
are addressed when there is a need to ensure the survival or biological potency
of bioaerosol particles during and after sampling. Furthermore, sample handling,
storage, and bioaerosol sample analysis are usually different from the procedures
applied when sampling biologically inert particles [56]. The overall physical sampling
efficiency is the product of the aspiration, transmission, and collection efficiencies.
Each of these components depends on the particle aerodynamic diameter, wind
velocity, and direction, as well as the inlet characteristics, such as the air velocity
at the inlet, inlet dimensions, and orientation. The inlet characteristics of several
bioaerosol samplers were determined for different types of bioaerosol particles
sampled under various conditions [57]. Aerosol sampling of outdoor or indoor
microorganisms and aeroallergens is particularly challenging due to the wide size
range of the particles (from submicrometer bacteria to pollen grains of about
100 µm). An additional challenge is associated with the variation in the aspiration
efficiency of the sampler caused by changing wind conditions, especially in the
case of outdoor bioaerosol sampling.

In order to detect and enumerate viable microorganisms, the biological particles
must be efficiently removed from the air and collected in a manner that does not
affect their viability. Sample collection time is an important parameter in bioaerosol
sampling design. Guidelines for the selection of optimal sampling time for various
bioaerosol samplers are available [14, 53]. The expected bioaerosol concentration,
the quantitation range of the sampler, and the effect of sampling stress on the
overall collection efficiency should be considered in determining the sampling
time period. It must be sufficiently long to obtain a representative sample of the
airborne microorganisms present, without exceeding the upper quantitation limit
of the sampler or causing losses in culturability of airborne organisms [14, 55].
An additional complexity in selecting the optimal collection time is associated with
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the temporal variability of the bioaerosol concentrations, which may reach several
orders of magnitude in the same environment.

The three principal collection methods used in quantitative bioaerosol sampling
are impaction, impingement, and filtration [55]. Some alternative techniques, such
as gravitational settling and electrostatic precipitation, have also been employed.

13.5.1
Impaction

Conventional single-stage and multi-stage (cascade) impactors collect bioaerosol
particles onto a solid or semi-solid collection surface. An agar medium is used
for culture-based analysis, which allows viable microorganisms to be enumer-
ated, whereas an adhesive-coated surface is more appropriate for microscopic
analysis, which determines the total bioaerosol concentration. For biological and
non-biological particles alike, lower-inertia particles remain airborne and move with
the air flow while particles with higher inertia are collected on the substrate. From
this perspective, larger pollen grains and fungal spores are likely to be efficiently
collected by impaction, but smaller airborne bacteria and especially viruses may
not. Another inertia-based mechanism – centrifugal impaction – is also utilized
for collecting bioaerosol particles.

A variety of impactor samplers are commercially available [14, 55]. They differ
in their nozzle dimensions, jet-to-plate distance, nozzle shape, number of nozzles,
and number of stages. If air is drawn through a single nozzle, the shape of the
nozzle is usually rectangular and the impactor is referred to as a slit sampler.
If there are several nozzles, usually circular in shape, the plate with the im-
paction nozzles resembles a sieve. A cascade impactor features several stages with
successively smaller nozzles and allows the separation of bioaerosol particles by
their aerodynamic diameter. The Andersen six-stage impactor (Graseby Andersen,
Smyrna, GA, USA) is widely used for measuring viable (culturable) bioaerosol
concentrations in specific particle size ranges [58], primarily bacteria and fungi.

The physical characteristics of the impaction nozzle(s) and the air flow rate
are used to calculate the cut size, or d50, of the impaction stage (d50 is the
particle diameter at which 50% of the particles are collected). The cut size derives
from the non-dimensional Stokes number Stk50 (see Chapter 1). Given the sharp
cut-off characteristics of impactor samplers, d50 is generally designated as the
particle diameter above which all particles are collected while all those below
d50 pass through [59, 60]. For efficient collection, it is important to choose an
impactor whose d50 is below the aerodynamic diameter of the microorganism
being collected. The cut size, d50, depends on several parameters, including the
ratio of the jet-to-plate distance, S, to the impactor’s nozzle size, W. Most of
the commonly used bioaerosol impactors meet the conventional Marple’s design
criterion, so that S/W is greater than the established threshold (which is 1.5 for
rectangular nozzles, and 1 for circular ones) [59]. Recent studies have shown that
these samplers underestimate the concentration of some measured bioaerosol
particles, for example, fungal spores [61]. The d50 of several of the most commonly
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used single-stage impaction-based spore collectors – such as Air-O-Cell (Zefon
Analytical Instruments, Inc., Saint Petersburg, FL, USA) and Burkard collectors
(Burkard Manufacturing Co. Ltd, Hertfordshire, UK) – is about 2.5 µm or greater.
These impactors do not offer efficient collection for all fungal species because
some species produce spores of about 1.8–2.5 µm in aerodynamic diameter. An
increase in the sampling flow rate – and consequently the impact velocity – would
help to reduce the d50 of these impactors [14, 59, 61–63]. At the same time, the
high impact velocity may cause particle bounce, decreasing the actual collection
efficiency, particularly for spores; a high-velocity impact also affects the viability of
stress-sensitive microorganisms, as discussed below.

An alternative approach was recently developed, in which, contrary to the Marple
criterion, the non-dimensional jet-to-plate distance was proposed to be below one
[63, 64]. The feasibility of these ‘‘imperfectly designed’’ impactors (relative to the
above-quoted Marple criterion) for total spore collection and enumeration has been
demonstrated through laboratory and field evaluation. Grinshpun et al. [64] eval-
uated the collection efficiency and spore deposit characteristics of impactors with
S/W < 1 using real-time aerosol spectrometry and different microscopic enumera-
tion methods. In this study, the test impactors were challenged with non-biological
polydisperse NaCl aerosol and aerosolized fungal spores of Cladosporium cladospo-
rioides, Aspergillus versicolor, and Penicillium melinii. It was shown that a relatively
small reduction in the jet-to-plate distance of a single-stage, single-nozzle impactor
with a tapered inlet nozzle, combined with adding a straight section of sufficient
length, can significantly decrease the cut-off size to a level that is sufficient for the
efficient collection of spores of all fungal species. Furthermore, it appears that the
slit jet design may improve the application of partial spore counting methodologies
with respect to those applied to circular deposits. Several impactors with very small
jet-to-plate distances became commercially available in 2004–2005 from Environ-
mental Monitoring Systems, Inc. (Charleston, SC, USA), including the Cyclex
Bioaerosol Impact Sampler, Cyclex-d cassette, Micro-5 Microcell, Allergenco-d, and
others. The smallest d50 featured by these impactors is slightly below 1 µm, which
makes them suitable for collecting not only all fungal species but also most bacterial
species. Much larger pollen grains obviously have inertia sufficient for efficient
impaction; however, they may not be retained on the collection surface at 100%
because of the particle bounce effect.

The stress imposed by impaction may result in loss of culturability of the
collected microorganisms. High impact velocity can also result in metabolic and
structural injuries. Survival of bacteria has been found to decrease when the impact
velocity increases; bacterial survival also depends on the degree of embedding of
bacteria into the collection medium (particularly for impactors) and the sampling
time [14, 65, 66]. Increasing the jet-to-plate distance in an impactor can decrease
the viability of the collected bacteria, which can be attributed to increased jet
dissipation, which desiccates a larger fraction of the agar surface [67]. The effect
of mechanical impact stress is more pronounced at higher impact velocities; the
desiccation stress increases with increase in the sampling time and when embedding
is insufficient.
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Unlike bacteria, fungi, and pollen, virus particles have very small sizes, which
makes them essentially inertia-less in conventional aerosol sampling systems.
Thus, inertial impactors, successfully used for collecting bacteria, fungi, and
pollen, have a limited application for airborne virions.

13.5.2
Collection into Liquid

Liquid impingement is similar to impaction because the inertial force is the
principal force removing the particle from the air. In some impingers, the
particle–medium interaction velocity may be even higher than in impactors.
However, collection into a liquid (usually a dilute buffer solution) is generally
gentler than impaction on an agar surface. As a result of impingement, aggregates
of cells may be broken apart, and particles remaining in the airstream may diffuse
to the surface of a bubble and be transferred to the collection buffer in this manner.
The collection of bioaerosol particles in a liquid medium is a preferred method
in various applications because it allows the sample to be divided for subsequent
analysis by different methods.

One of the most common bioaerosol impingers – the AGI-30 all-glass impinger
sampler (Ace Glass, Inc., Vineland, NJ, USA) – has an impaction distance of
30 mm from the jet to the bottom of the sampler. Other models such as the AGI-4
all-glass impinger feature a shorter distance of 4 mm, which was originally done to
improve particle collection efficiency over the AGI-30. However, added sampling
stress may result from impaction against the glass bottom of the sampler, resulting
in a loss of cell viability [55]. The very high sampling velocity used in impingers
designed to collect small bioaerosol particles usually produces a violent motion
of the collection fluid. The latter enhances the evaporation of the fluid, causes
re-aerosolization of the initially collected bioaerosol particles, and imposes stress
on the microorganisms remaining in the collection fluid (consequently reducing
their viability over time). These effects have been discussed and quantified in the
scientific literature [68–71].

Conventional impingers can only be used with water or liquids that have about
the same viscosity as water. To address the above limitations of conventional
impingers associated with evaporation and re-aerosolization of the collection fluid,
an alternative approach combining impingement into a liquid with centrifugal
motion was developed [72]. The swirling aerosol collector – later commercialized
as the BioSampler (SKC, Inc., Eighty Four, PA, USA) – can utilize viscous collection
fluids, for example, heavy white mineral oil. Having the same inlet geometry and
the same air flow rate of 12.5 l/min as AGI impingers, the BioSampler achieves
particle collection by drawing aerosol through three nozzles that are directed at an
angle toward the inner sampler wall. During normal operation, the liquid swirls
upward on the sampler’s inner wall and removes collected particles. When used
with heavy white mineral oil, the BioSampler can maintain microbial viability and
high physical collection efficiency for several hours [70, 71].
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Another approach to bioaerosol sampling into a liquid utilizes a porous medium
submerged into a liquid layer so that the aspirated air is blown through it [73, 74]. As
a result, the aerosol flow is split into many very small bubbles, and particulates are
effectively removed on the walls of the impinger’s vessel. Stationary and personal
prototypes of the new sampler were found to be capable of achieving high physical
collection efficiency (>95%) for airborne bacteria and fungi, with a pressure drop
lower than that for most conventional bioaerosol samplers. The collection liquid
losses due to evaporation and aerosolization did not exceed 18% in 8 h of operation.
In addition, the culturability of sampled microorganisms remained high: the
recovery rate of stress-sensitive Pseudomonas fluorescens bacteria was 61% ± 20%,
and for stress-resistant Bacillus subtilis bacteria and A. versicolor fungal spores it
was 95% ± 9% and 97% ± 6%, respectively [74]. The ‘‘frit-bubbler’’ method was
also found to be feasible for collecting and enumerating airborne robust viruses
[75, 76], although more significant infectivity losses were observed.

Liquid bioaerosol samplers, such as the all-glass impingers, swirling bioaerosol
collectors [70–72], as well as the recently developed ‘‘frit-bubbler’’ [73–76], can
operate with different fluids and are characterized by a broad range of sampling
efficiencies, especially for virions [77]. Furthermore, some studies conducted with
airborne viruses report vastly different efficiencies for the same samplers, which
may be due to different analytical protocols affecting the viral recovery level.
Because they are a particularly diverse group of microorganisms in terms of their
response to environmental stress, viruses often require gentle collection, making
liquid-based collectors preferable. But it is difficult to reconcile the need for gentle
collection with the concurrent need for high shear forces to remove small (often
inertia-less) viruses from the sampling air flow. This makes the development of
adequate liquid-based samplers for efficient collection of viable viruses especially
challenging.

13.5.3
Filter Collection

The collection of bioaerosol particles on filters is commonly used in bioaerosol
monitoring, especially if the objective is to determine the total count of microorgan-
isms, regardless of their survival. Some filter-based samplers such as the Button
Inhalable Aerosol Sampler (SKC, Inc., Eighty Four, PA, USA) provide better spatial
uniformity of the particle deposits as compared to single-stage impactors [62].
The latter is often advantageous, for instance, if the sample is analyzed using
microscopy. Filter-based sampling is adaptable to a variety of analytical methods.
The filter material and sample extraction method generally affect the performance
of a filter-based bioaerosol sampler [78]. Further studies demonstrated that the
effect of filter material is more significant for the size range of single virions than
for bacteria [79]. Burton et al. [79] reported that the effect of filter loading (up to 4 h)
did not cause significant change in the physical collection efficiency of the filter
tested in their study.



390 13 Biological Aerosols

When collecting bioaerosol particles on filters, significant loss of viability may
occur, mostly due to desiccation stress during sampling [80–83]. This effect is
more pronounced for bacterial vegetative cells and stress-sensitive viruses than
for robust bacterial or fungal spores. The viability loss depends on the microbial
species, sampling time, and relative humidity [83]. Some samplers collect airborne
microorganisms on a gelatin filter to reduce desiccation stress. Recent experiments
demonstrated that gelatin filters are particularly applicable for collecting viable
viruses [21–23]. Although gelatin filters are adequate for sampling functional
viruses, their use may be limited by environmental conditions, for example, in
environments featuring very low or very high humidity [77].

13.5.4
Gravitational Settling

Gravity, or depositional sampling, is a non-quantitative collection method, in
which an agar medium is exposed to the environment and airborne organisms are
collected primarily by gravity [55]. As a result, large particles are more likely to
be deposited onto the collection surface than smaller ones [49]. This can lead to
misrepresentation of the prevalence of airborne microorganisms and the exclusion
of smaller particles from collection [84]. In addition, the gravitational settling
method provides the total number (or mass) of the collected bioaerosol particles
but does not allow quantification of their airborne concentration, since the volume
of air from which the particles originated is unknown. The data derived from
this method are not qualitatively or quantitatively accurate and do not compare
favorably with those obtained by other bioaerosol sampling methods [84–87].

13.5.5
Electrostatic Precipitation

Conventional sampling methods, such as inertia-based impaction and impinge-
ment as well as filter collection, have been shown to adversely affect the viability
of the microorganisms being sampled [65, 71]. For instance, in inertial samplers,
the particle velocity toward the collection medium is usually tens or hundreds of
meters per second. Such a high impact velocity assures high collection efficiency,
but is often damaging for the microorganisms that are being collected. Alter-
native methods include electrostatic precipitation, when bioaerosol particles are
charged in the sampler’s inlet and exposed to an electric field inside the sampler.
This results in their cross-sectional migration and subsequent deposition on the
charged plates, from which the microorganisms can be extracted and analyzed. In
electrostatic precipitators, the particle velocity component perpendicular to the col-
lection medium is 2–4 orders of magnitude lower than that in bioaerosol impactors
and impingers at comparable sampling flow rates [88]. This provides much more
‘‘gentle’’ collection, which is advantageous for stress-sensitive microorganisms.

In the past decade, several studies have been published on the development
and validation of electrostatic bioaerosol samplers [88–94]. The method was
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found generally feasible for collecting bacterial cells and spores. The physical and
biological efficiencies were found to depend on the applied voltage, dimensions
of the precipitator, flow rate, initial particle charging level, and other factors.
The viability losses can be controlled by limiting the initial charge on airborne
microorganisms at the inlet.

Electrostatic precipitation may be implemented without additional charging in
the sampler’s inlet. The new electrostatic precipitator developed by Lee et al. [94]
had no charging unit. It is able to differentiate positively from negatively charged
microorganisms, which adds a signature to the sampled bioaerosol particles. This
feature may assist in their identification or differentiation.

As an important ‘‘by-product’’ of the electrostatic sampler’s developmental and
evaluation effort, significant information has been gathered on the electrobiological
properties of airborne microorganisms. It was reported [91] that bacteria dispersed
from a liquid by pneumatic nebulization have a wide and bipolar electric charge
distribution. Electric charge imposed on bacteria during aerosolization was found
to be a factor affecting their viability. This, on the one hand, limits the use of
charging for bioaerosol sampling, but, on the other, facilitates the application of
electric charging for environmental control involving inactivation of bacterial cells
by imposing high electric charges on them.

Since the electrostatic precipitator is essentially an open channel, low power is
required for the sampling flow through it. Also, very little power is needed to create
the precipitation voltage across the electrodes. Thus, this method seems feasible
for low-power monitoring of airborne microorganisms and their electric charge
distributions, for example, in a counter-bioterrorism network.

13.6
Analysis

Different methods are presently available for the detection and enumeration of the
collected bioaerosol particles, including traditional methods such as microscopic
and culture-based counting as well as other (more advanced) techniques such as
biochemical, immunological, and molecular biological assays.

Optical microscopic enumeration is used for particles collected on a glass slide,
tape, or appropriate filter. Light microscopy allows counting and, in many cases,
identification of larger biological particles such as fungal spores and pollen. The
enumeration and identification of bacterial cells is challenging because they are
smaller and can be masked by other particles. In addition, bacterial cells are not
visible with a light microscope unless stained. Application of a fluorescent stain, for
example, acridine orange, allows bacteria to be counted under an epifluorescence
microscope [14]. Various microscopic analysis methods have been discussed in
detail by Morris [95]. The main limitation of optical microscopy is that it does not
distinguish between culturable and non-culturable bioaerosol particles.

Culture-based analysis is used to assess the viability of bacteria and fungi
collected directly onto a nutrient agar or transferred onto agar from a liquid or a filter
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sample. Different media can be used for culturing different viable microorganisms,
reflecting the specifics of growth for different species. The results for bacteria and
fungi are expressed in colony-forming units (CFUs) per cubic meter of air. An
aggregate of two or more cells or spores forms one colony and therefore is regarded
as one particle [27]. For viruses, the viability is measured in terms of infectivity of
tissue cultures, the embrionated egg, or animals [96]. In the most common assay,
monolayers of host cells are inoculated with appropriate dilutions of virus. After
a certain incubation period, plaques are produced, indicating infected cells. Since
it is assumed that a single viable (infective) virus induces one plaque-forming
unit (PFU), the airborne concentration of viable virus is expressed in PFUs per
cubic meter of air. Generally, the accuracy of culture-based assays is affected by
many factors, including growth medium, incubation temperature, and incubation
time.

Immunochemical and biochemical methods are capable of measuring specific
biological molecules and/or agents in bioaerosol particles, such as allergens, en-
dotoxins, mycotoxins, β-(1→3)-d-glucan, or DNA. Depending on the subject of
analysis, these methods may require gas chromatography, mass spectrometry,
high-performance liquid chromatography, or spectrophotometry. Immunochem-
ical assays are used to quantify antigens and allergens utilizing the binding of
antibodies on target antigen. The biological particles are most commonly detected
with enzyme-linked immunoassay (ELISA). Traditional immunoassays have rel-
atively high detection threshold, which limits their application to samples with
very high bioaerosol concentration. A newly developed modification utilizing a
fluorescence multiplex assay may have lower detection limits [97] and thus has a
good potential for analyzing less concentrated samples.

Health studies concerned with exposure to bioaerosols suggested the important
role of endotoxin and β-(1→3)-d-glucan [98]. Bioaerosol samples can be analyzed
for endotoxin and β-glucan by using the Limulus amoebocyte lysate (LAL) assay
method based on enzymatic cascade in amoebocytes isolated from horseshoe crabs
(Limulus). Recently, β-(1→3)-d-glucan has been identified in fungal fragments
aerosolized from moldy building materials [99, 100]. These submicrometer frag-
ments have been demonstrated to produce high respiratory deposition [101] and
are likely associated with adverse health outcomes.

Mycotoxins – toxic compounds produced by certain fungi that have been
associated with respiratory and other health effects – can be analyzed from
air samples by biological, chemical, and immunological assays [102, 103]. Several
recent studies featured different approaches to the airborne mycotoxin analysis
(see, for example, [104, 105]).

The polymerase chain reaction (PCR) method, which is based on the amplifi-
cation of a specific DNA or RNA sequence present in the target microorganisms,
has been adopted for bioaerosol samples and opened a new avenue for the iden-
tification and quantification of airborne viruses, bacteria, and fungi [106–112].
PCR offers a rapid and sensitive way for identifying and quantifying microor-
ganisms. It seems particularly advantageous for slow-growing microorganisms,
such as Mycobacterium tuberculosis. Competitive PCR or quantitative polymerase
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chain reaction (QPCR) is capable of determining the microorganism concentra-
tion [14].

13.7
Real-Time Measurement of Bioaerosols

The above-described traditional measurement methods involve two steps: (i) parti-
cle collection on a substrate; and (ii) analysis of the collected sample. Direct-reading
methods that are capable of measuring aerosol particles without separating them
from the air can be used for studying biological aerosol particles, especially under
controlled laboratory conditions where other particles are eliminated [113]. There
is increased interest – particularly in the defense and counter-terrorist communi-
ties – in developing direct-reading instruments that can distinguish particles of
biological origin from other particles. One commercially available device, the Ul-
traviolet Aerodynamic Particle Size Spectrometer (UV-APS; TSI, Inc., Saint Paul,
MN, USA), is capable of simultaneously measuring the aerodynamic particle size
in the range of 0.5–15 µm, the light scattering intensity, and the fluorescence intensity.
The fluorescence measured between 400 and 580 nm upon excitation of the parti-
cles by an ultraviolet (UV) laser beam is related to the presence of life-indicating
biomolecules [114, 115]. As fluorophores decay rather quickly after the death of a
microorganism, UV-APS is best suited for the measurement of viable bioaerosol
particles [14].

The area of real-time biodetection has grown remarkably over the past several
years, supported primarily by the military and homeland security agencies of the
major industrialized countries. Recent advances in aerosol optics, microbiology,
and molecular biology have helped to develop novel concepts for rapid detection,
identification, and enumeration of aerosolized biological threat agents [10]. Various
principles, for example, single-microorganism analysis, have been integrated into
automated biodetection systems, which has created the foundation for the devel-
opment of field-compatible alarm-type biodetector systems capable of continuous
long-time operation.

13.8
Purification of Indoor Air Contaminated with Bioaerosol Particles and Respiratory
Protection

13.8.1
Air Purification

Numerous techniques have been developed for controlling aerosol pollutants, in-
cluding biological particles. Conventional techniques such as mechanical filtration
and electrostatic precipitation have been incorporated into commercial devices of
various capacities and efficacies [116]. While being widely and successfully used in
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indoor air environments, the mechanical devices and electrostatic precipitators are
often criticized for their considerable size and power consumption, excessive noise
level, and need for routine maintenance (including routine filter replacement and
plate cleaning).

In a perfect filtration process, it is expected that the particles are permanently
retained after their first contact with a filter fiber or an already captured particle.
In reality, the captured particles may re-entrain from the filter into the air stream.
Biological particles collected on HVAC filters may grow on the filter material
over time, which increases the likelihood of re-aerosolization. Data on the col-
lection of airborne bacteria and fungi on stationary air filters, their survival, and
re-entrainment have been reported in the scientific literature [117–119].

As an alternative to conventional filtration and electrostatic precipitation, emis-
sion of unipolar ions into the air environment has been considered as a method
for indoor air control. At certain ion and particle concentration levels, ions in
the air may efficiently charge airborne particles. As a result, unipolarly charged
aerosol particles migrate toward indoor surfaces and ultimately deposit on these
surfaces. Ion emission has been experimentally evaluated and shown to be capable
of reducing the concentration of airborne dust and microorganisms in indoor envi-
ronments [120–125]. Among several particle charging methods, corona ionization
is known to be particularly effective in charging small aerosol particles, including
the fine and ultrafine fractions [126–129].

Based on experimental data, Lee et al. [123] concluded that the corona discharge
ion emitters (either positive or negative), which are capable of creating an ion density
of 105 –106 e± cm−3, can be efficient in controlling bacteria- and virus-sized aerosol
pollutants in indoor air environments, such as a typical office or residential room.
Theoretical modeling performed by Mayya et al. [130] supports the above finding.
At a high ion emission rate, the particle mobility becomes sufficient to develop
considerable migration velocities for removing most aerosol pollutants from a
room-sized air volume within tens of minutes. The particle removal efficiency was
not significantly affected by the particle size, while it increased with increasing
ion emission rate and time of emission. Commercially available unipolar ionic
air purifiers (e.g., VI-2500, Wein Products, Inc., Los Angeles, CA, USA) operated
for 30 minutes were found to remove approximately 97% of 0.1 µm particles and
approximately 95% of 1 µm particles from the air in addition to the natural decay
effect. In addition, a significant bactericidal effect of unipolar ion emission was
reported [131].

While some indoor air purification techniques aim solely at aerosol concentration
reduction, others are designed to inactivate viable bioaerosols. Several techniques
have recently been developed for bioaerosol viability control, including ion emis-
sion, ozone generation, germicidal ultraviolet (UV) irradiation, and photooxidation
involving UV radiation and TiO2 as a photocatalyst. Grinshpun et al. [21] studied
an indoor air purification technique that combines unipolar ion emission and
photocatalytic oxidation – promoted by a specially designed radiant catalytic ion-
ization (RCI) cell – in two test chambers (2.75 and 24.3 m3) using non-biological
and biological challenge aerosols. It was observed that the concentration of aerosol
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particles representing viruses and bacteria decreased about 10 to 100 times more
rapidly when the purifier operated as compared to the natural decay. Particle
removal occurred due to unipolar ion emission, while the inactivation of viable
airborne microorganisms was associated with photocatalytic oxidation. Approxi-
mately 90% of initially viable MS2 viruses were inactivated as a result of 10–60
minutes exposure to photocatalytic oxidation. Approximately 75% of viable B. sub-
tilis spores were inactivated within 10 minutes, and about 90% or more after 30
minutes.

The response of a specific species to a specific stress determines the efficiency of
a specific inactivation method against this species. Different microbial groups pro-
vide different responses. For instance, unlike vegetative cells, spores are resistant
to heat stress [132]. Spore inactivation by high temperatures has been extensively
investigated, but most of these studies involved microorganisms in aqueous or
on solid media [132–135]. Very few experiments were conducted with aerosolized
spores – but see the studies by Jung et al. [136] with fungal spores and by Grinsh-
pun et al. [137] with bacterial spores. Thus far, the effect of thermal inactivation of
aerosolized viable spores has not been sufficiently characterized and understood,
particularly for exposure periods as short as 10−2−1 s. Based on their experimental
data, Grinshpun et al. [137] suggested that the thermal inactivation of B. subtilis
spores occurred as a result of heat-induced damage to DNA and denaturation of
essential proteins. This damage can be repaired up to a certain level of thermal ex-
posure. However, the self-repair capability diminishes at higher thermal exposures
of aerosolized microorganisms, so that the damage becomes totally irreversible.
As the thermal processes are believed to be effective, safe, and environmentally
friendly for controlling viable bioaerosol particles in continuous-flow settings [136],
the microbiological and biochemical aspects of heat-induced damage to aerosolized
microorganisms needs to be further investigated, and the relationship between the
exposure temperature and exposure time should be established. A special focus
should be given to a short-term exposures (∼1 s), which is a unique feature of aerosol
systems (in contrast to aqueous or solid media, in or on which microorganisms are
typically exposed to stress factors over periods of minutes or hours).

Some commercial air purifiers generate excessive ozone, either as a primary
biocidal agent or as a by-product. Their manufacturers claim that ozone helps to
reduce exposure to airborne pollutants, including biological particles, but this has
not been substantiated by credible scientific investigations. Furthermore, these
devices have raised public health concerns [138]. Among various guidelines for
ozone exposure, the following thresholds have been specified for occupational
environments: 0.2 ppm for 2 h [139], 0.05–0.10 ppm for 8 h [139], 0.1 ppm for 8 h
[140], and 0.05 ppm for instantaneous (no time limit specified) exposure [141].
For comparison, EPA established the outdoor air standards at 0.075 ppm (1997)
and 0.08 ppm (2008) for 8 h [142] (it has recently been proposed to decrease).
To our knowledge, there is no scientific evidence that ozone by itself plays any
role in reducing the number of aerosol particles in indoor environments. Ozone
generators can inactivate viable microorganisms; however, this inactivation occurs
at concentrations far exceeding the health standards [143, 144].
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Attempts have been made to combine conventional filtration and ion emis-
sion for reducing exposure to indoor aerosol contaminants, including bioaerosols.
Grinshpun et al. [145] demonstrated that the collection of aerosol particles on
a filter material can be significantly enhanced due to continuous unipolar air
ionization in the vicinity of the filter. Agranovski et al. [146] have shown that
the enhancement effect can be achieved for commercial low-efficiency HVAC
filters. The air ions with high mobility are deposited on the fibers, form-
ing a macroscopic electric field, which shields out some incoming unipolarly
charged particles due to repulsive forces. The effect was confirmed by testing with
aerosolized bacterial cells, bacterial and fungal spores, and virus-carrying particles
[147].

13.8.2
Respiratory Protection

Particulate face-piece respirators and surgical masks are extensively used to reduce
respiratory exposure to various hazardous aerosols, including biological aerosols.
Earlier studies, motivated mostly by the need to protect health-care workers
against tuberculosis, addressed the performance of filters of respiratory protection
devices challenged with airborne bacteria [148–151]. They demonstrated significant
differences between the penetration of airborne microorganisms and inert particles,
which were largely attributed to particle shape. It was found that for, an aspect
ratio of 4, the penetration of rod-shaped bacteria is about half of that of spherical
particles of the same aerodynamic diameter [151]. Further reports showed that
spore-forming bacteria of B. subtilis and vegetative cells of P. fluorescens collected
on common polypropylene respirator filters were unlikely to grow on this filter
even under optimal nutrition and incubation conditions [118]. Similar results were
reported for Mycobacterum smegmatis [152].

The face-piece filtering respirators used to prevent exposure to bioaerosols
are subjected to certification with respect to the collection efficiency of their
filters. In the USA, these are certified according to the National Institute for
Occupational Safety and Health (NIOSH) regulations [153], and rated as N95 (95%
filter collection efficiency), N99 (99%), N100 (99.97%), and so on. The certification
test is conducted by challenging the filter with charge-neutralized NaCl aerosol
particles of approximately 0.3 µm (mass median aerodynamic diameter) at a flow
rate of 85 l/min. The value of 0.3 µm is presently accepted as the most-penetrating
particle size (MPPS) for particulate filters. However, numerous investigations
have demonstrated that the MPPS can vary considerably from one filter model to
another and is dependent on the operational conditions. The use of electrically
charged fibers in the respirator filters shifts the MPPS to the nano-scale range
of about 30–70 nm [154]. This finding is particularly important given that many
virus particles fall in the above size range. The collection efficiency of N95 and
N99 respirator filters against aerosolized viruses has recently been investigated
by Balazy et al. [155] and Eninger et al. [23]. These studies have shown that the
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penetration of virions through N95 and N99 respirators may exceed 5% and 1%,
respectively – the levels expected based on their certifications. Surgical masks were
found to have much higher filter penetration and thus are generally not efficient in
protecting a wearer from a bioaerosol hazard. (It is acknowledged that, in contrast
to face-piece filtering respirators, surgical masks were not originally designed to
protect the wearer but, instead, were aimed at reducing the number of particles
generated by the wearer into the ambient air.)

Existing respirator filter performance testing does not address the viability
issue. At the same time, several manufacturers of respiratory protection devices
have recently introduced filter materials that are claimed to have antimicrobial
properties, that is, can inactivate bacteria and viruses penetrating through the
respirator filter. To test these claims, experimental protocols were developed that
allow differentiation between the physical and viable filtration when challenging a
respirator with bioaerosols [22]. No evidence of an instant inactivation effect has yet
been reported; a long-term effect of some biocidal compounds (such as embedded
iodine) is being explored.

A novel concept involving continuous emission of unipolar ions in the vicinity of
the filter (described in the previous section for stationary filters) was explored for
face-piece filtering respirators and surgical masks tested on breathing manikins
[156, 157]. It was found to provide tremendous reduction of the particle penetration
(up to about 3000-fold), making a respirator filter almost a perfect shield [157]. The
most significant enhancement effect is achieved in the viral and bacterial particle
size range. The approach is being further explored for application in respiratory
protection.

The existing protocols for evaluating the performance of face-piece respirators
address the efficiency of filter media but do not consider the role of face-seal
leaks. At the same time, respirators and face-masks do not fit perfectly; as a result,
face-seal leakage represents a substantial particle penetration pathway that may
compete with and even exceed the filter media penetration. By comparing results
of the human subject and manikin-based tests with the same breathing pattern,
it was found that the number of particles penetrating through face-seal leakage
exceeded the filter media penetration by an order of magnitude: it is (on average)
∼7-fold greater for 40 nm particles, ∼10-fold for 100 nm, and ∼20-fold for 1 µm
[158]. These findings suggest that the primary effort in improving respirator design
should be shifted toward introducing a better fit between the respirator periphery
and the face surface.

Recent outbreaks of SARS (caused by a coronavirus), avian flu (H5N1), and
swine flu (H1N1), as well as increasing concern about future emerging dis-
eases with respiratory transmission (including the threat of bioterrorism), have
considerably enhanced public interest in research related to the control of and
protection against bioaerosol particles. To address these challenges, national and
international interdisciplinary research efforts are being developed, which in-
volve collaboration among aerosol scientists, microbiologists, and public health
experts.
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T., Willeke, K., Trakumas, S., Hall,
P., and Dietrich, D.F. (2002) New
method for assessment of potential
spore aerosolization from contaminated
surfaces. Proceedings of the Sixth In-
ternational Aerosol Conference, 8–13
September 2002, Taipei, Taiwan (ed.
C.S. Wang), vol. 2, pp. 767–768.

35. Sivasubramani, S.K., Niemeier, R.T.,
Reponen, T., and Grinshpun, S.A.
(2004) Assessment of the aerosolization
potential for fungal spores in moldy
homes. Indoor Air, 14, 405–412.

36. Sivasubramani, S.K., Niemeier, R.T.,
Reponen, T., and Grinshpun, S.A.
(2004) Fungal spore source strength
tester: laboratory evaluation of a
new concept. Sci. Total Environ., 329,
75–86.
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Hansson, H.C., Martinsson, B.G.,
Stratmann, F., Ferron, G., and Busch,
B. (1994) A novel unipolar charger for
ultrafine aerosol particles with mini-
mal particle losses. J. Aerosol Sci., 25,
639–649.

129. Hernandez-Sierra, A., Alguacil, F.J.,
and Alonso, M. (2003) Unipolar charg-
ing of nanometer aerosol particles in
a corona ionizer. J. Aerosol Sci., 34,
733–745.

130. Mayya, Y.S., Sapra, B.K., Khan, A., and
Sunny, F. (2004) Aerosol removal by
unipolar ionization in indoor environ-
ments. J. Aerosol Sci., 35, 923–941.

131. Grinshpun, S.A., Adhikari, A., Lee,
B.U., Trunov, M., Mainelis, G.,
Yermakov, M., and Reponen, T. (2004)
in Air Pollution: Modeling, Monitoring
and Management of Air Pollution (ed.
C.A. Brebbia), WIT Press, Southamp-
ton, pp. 689–704.

132. Setlow, P. (2006) Spores of Bacillus sub-
tilis: their resistance to and killing by
radiation, heat and chemicals. J. Appl.
Microbiol., 101, 514–525.



References 405

133. Molin, G. and Östlund, K. (1975)
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Atmospheric Bioaerosols
Aleksandr S. Safatov, Galina A. Buryak, Irina S. Andreeva, Sergei E. Olkin, Irina K.
Reznikova, Aleksandr N. Sergeev, Boris D. Belan, and Mikhail V. Panchenko

14.1
Introduction

According to the definition of bioaerosol given in the Bioaerosols Handbook [1]:
‘‘[a] bioaerosol is an aerosol comprising particles of biological origin or activity,
which may affect living things through infectivity, allergenicity, toxicity, pharma-
cological, or other processes. Particle size may range from aerodynamic diameters
ca. 0.5 to 100 µm.’’ This definition excludes smaller aerosol particles of biological
origin (for example, nucleation aerosols consisting of components of biological ori-
gin such as isoprenols [2–4]) as well as smaller aerosols carrying biological activity
(for example, drug or toxic nanoaerosols [5, 6]). It should be noted that viral particles
normally having a size of less than 0.5 µm are within the size range specified in
the definition because, being obligate parasites, viruses get into the atmosphere
together with the system in which they have replicated: the cell or its fragments [7].

For atmospheric bioaerosols, which are within the size range from 0.5 to 100 µm,
it is expedient to differentiate between particles of non-biogenic origin carrying
biological activity and biogenic particles. The first category of aerosols is studied
by aerosol toxicology (including allergic manifestations) and aerosol pharmacology,
which study the effects of both natural and artificial bioaerosols on living beings.
The second category of atmospheric bioaerosols is studied by atmospheric aerobi-
ology. The present chapter will focus upon on the latter category of atmospheric
bioaerosols.

Soil, vegetation, water surfaces, humans, and animals can be the sources of bio-
genic aerosols. According to [8], a total of approximately 56 Tg of bioaerosols with
particle size of more than 1 µm get into the atmosphere every year; in Europe alone,
the estimated amount of primary biogenic particles getting into the atmosphere
is 0.233 Tg/year [9], and that in the world is 18.5 Tg/year [10]. Their composition
is determined both by the source [4, 11–23] and by the physical and chemical
processes influencing the particles and their components in the process of atmo-
spheric transfer [4, 14–20]. Usually bioaerosols contain various macromolecules or
microorganisms as well as different inorganic and low-molecular-weight organic

Aerosols – Science and Technology. Edited by Igor Agranovski
Copyright  2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32660-0



408 14 Atmospheric Bioaerosols

components [4, 13, 15, 16, 21–25]. From our point of view, two components of
atmospheric bioaerosols are the most important: (i) viable microorganisms, which
(as distinct from other components) can cause infectious processes; and (ii) total
protein, the basis of all living organisms on the Earth and a universal marker
of an aerosol’s biogenic origin. The use of other chemical markers to detect dif-
ferent microorganisms or plant pollen in aerosols [22, 24, 26–35] provides more
detailed information on particular species (kingdoms, genera) of microorganisms,
but it does not cover the whole biogenic material of an aerosol. The organic
carbon (OC) present in particles can also be used as a marker of biogenic aerosol
[22, 23, 27, 32]; however, with this marker, some low-molecular-weight com-
pounds of photochemical rather than biogenic origin can be considered as the
corresponding component of bioaerosol.

The determination of the concentration and type of different bioaerosol compo-
nents in an atmospheric aerosol under different conditions allows us to answer
questions relating to the following:

1) temporal variations (daily, annual, long-term) of concentration and composition
of atmospheric bioaerosol components;

2) spatial variations of concentration and composition of atmospheric bioaerosol
components;

3) possible sources of atmospheric bioaerosols and their transfer in the atmo-
sphere; and

4) potential danger of atmospheric bioaerosols for humans and animals.

This chapter presents both our own results and other literature data on the
study of atmospheric bioaerosols of biological origin. In 1995, the Bioaerosols
Handbook [1] and a special issue of the Journal of Aerosol Science (volume 25,
issue 8) were published. They described in detail the available methods and
the results of numerous bioaerosol studies, including those of atmospheric
bioaerosols. Later special issues of various journals devoted to the same sub-
ject did not cover the whole range of bioaerosol studies in such detail. That is
why the main attention in this chapter is paid to work published after 1995;
the earlier ones are cited only when the data or concepts that they present are
unique.

14.2
Methods of Atmospheric Bioaerosol Research

The study of the characteristics of atmospheric bioaerosols can be performed using
remote contactless methods, in situ methods that do not require sampling, and
laboratory methods that analyze bioaerosol samples in any way.

Methods in the first category include laser sounding of the atmosphere. In
principle, this can not only provide information on the concentration and dispersity
of the aerosol but also detect bioaerosols in it by any marker that determines some
optical characteristic(s) of the bioaerosol. However, as the optical characteristics
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of many bioaerosol components are unknown, and the particles themselves are
often multi-component, such methods are not widely used. Here we only wish to
mention two works [36, 37] aimed at the detection of specific microorganisms in
aerosols.

Methods based on biogenic substance fluorescence were developed to detect
and characterize bioaerosols in situ. For example, a commercial device for the
determination of the concentration and dispersity of bioaerosols – the UV-APS
3314 Ultraviolet Aerodynamic Particle Size Spectrometer (TSI, Inc., Saint Paul, MN,
USA) – was created using these methods. It has been used to carry out a number
of studies (see, for example, [38, 39]). However, this device (and similar devices
from other manufacturers) has some essential disadvantages: (i) the operating
temperature range (+10 to +35 ◦C) makes its all-weather application impossible;
(ii) the presence of inorganic material, for example, a dust particle, in the biogenic
particles can make the biogenic particles invisible due to absorption of the incident
or fluorescent radiation; and (iii) the emission bands of some polycyclic aromatic
hydrocarbons (PAHs) lie within the same fluorescence range, which can cause the
device to misfunction.

Recently developed aerosol mass spectrometers [40–42] not only allow the con-
centration and dispersity of particles with a maximal diameter of 1–3 µm to be
determined in situ but also allow information to be obtained on the chemical
composition of individual particles. Although attempts have been made to use
such devices for the detection of biological compounds and microorganisms
in aerosol [40–48], at the present time it is not possible to characterize any
bioaerosol particles: the extreme range of the detected ion masses make up less
than 9000 Da, but the mass of most biological macromolecules is much larger than
this.

Other automated methods that allow the detection of specific molecular
compounds and/or microorganisms in aerosol are presented in [49–52]. However,
such methods cannot be used to detect and identify previously unknown
microorganisms and a broad range of macromolecules in the samples. In
addition, the equipment used in these methods is often unique and very
expensive.

Thus, collecting atmospheric air samples followed by their laboratory analysis
is today the most informative method to study the characteristics of atmospheric
bioaerosols. Different variants of this method are considered below.

14.2.1
Methods and Equipment for Atmospheric Bioaerosol Sampling

A wide variety of methods used for atmospheric bioaerosol sampling and the
equipment used in them is presented in the Bioaerosols Handbook [1] and in
other mainly recent work [53–80]. According to [1, 53–57], these methods can be
classified as follows:

• bioaerosol deposition on dishes;
• impaction, which, based on the construction of the impactor, can be divided into
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– single-stage and multi-stage,
– single-slit and multi-slit,
– virtual (for the concentration of aerosols or the isolation of target size fractions

from them followed by deposition of particles practically by any method);
• impingement (including single- and multi-stage constructions);
• centrifugal (different cyclones and centrifuges);
• thermoprecipitation;
• electroprecipitation (and electroseparation); and
• aerosol deposition on filters.

The reviews [1, 58–62] consider in detail the advantages and disadvantages of
each method of bioaerosol sampling and the devices used in them. Therefore,
here there is no need to include the information given in these reviews. Let us
only emphasize that, for different concrete purposes, it is often expedient to use
samplers that are most suitable for testing collected samples with the methods
employed.

The following sampling methods were selected from the above list for the studies
carried out by the present authors:

• the impingers described in [81] to collect samples of viable bacteria and fungi;
• the personal sampler described in [82] to detect viral aerosols; and
• aerosol deposition on fibrous filters to carry out chemical analyses and determine

the genetic material of microorganisms with the polymerase chain reaction (PCR)
method.

One of the most important characteristics of samplers is the construction of
their intakes (inlets). The fact is that sampling should be isokinetic to provide
reliable information on the concentration and disperse composition of aerosols.
For this purpose, intakes are designed to maximally maintain isokinetic conditions
of sampling at different rates of incident flow [83–85]. The characteristics of
the intakes of some bioaerosol samplers widely used in laboratory and natural
experiments were described in [84, 85].

Isokinetic sampling from a jet, for example, during aircraft sampling, should
be considered separately. Here we should mention the constructions described in
[85, 86]. An isokinetic sampler (photographs of the sampler and the airplane are
presented in [81]) designed especially for the used type of airplanes [87] to maintain
isokinetic conditions [83] was employed by the authors during bioaerosol sampling
from an aircraft laboratory [81, 88].

In this research, altitude samples of atmospheric bioaerosols were collected on
fiber filters of the AFA-HA type [89] at a flow rate of about 250 l/min and on
impingers [81] at a flow rate of about 50 l/min. Fifty milliliters of non-colored
Hanks’ solution (ICN Biomedicals, Irvine, CA, USA) was poured into the im-
pingers as the sorbing fluid. The retention efficiency of this device for aerosols
of more than 0.3 µm (minimal size of known bacteria) exceeds 80%, making
up a constant value of 90% ± 15% for particles with a diameter of 2 µm. An
A-D1-04 pump (JSC ‘‘Kot,’’ St. Petersburg, Russia) was used to pump the air
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samples through the impinger. The pump outlet was connected to overboard
air, which provided the required pressure drop for the critical nozzle. Terrestrial
(‘‘on-land’’) samples were collected four times a day on the same impingers and
filters at the site of the ‘‘Vector’’ research center (Koltsovo, site A) during a day
in the middle of the month to reveal daily variations of the measured values.
Also samples were collected once during seven successive days of each season
to detect culturable microorganisms in Klyuchi settlement (site B); samples were
collected during 30 days to determine average daily concentrations of total protein.
In addition, irregular summer measurements of average daily concentrations of
total protein and aerosol were performed during the summer period in Zav’yalovo
settlement (site C) located not far from the aircraft laboratory runway. The vol-
umetric flow rate through the filters at site A was 50 l/min, and at site B was
approximately 250 l/min. Samples for detection of viral aerosols were also col-
lected at site A by deposition on fibrous filters with a volumetric flow rate of
50 l/min and on a personal sampler for viral aerosols [82] with a volumetric flow
rate of 4 l/min. Samples were collected successively in the daytime at altitudes
of 7000, 5500, 4000, 3000, 2000, 1500, 1000, and 500 m over forestland to the
south of Novosibirsk during the last 10 days of each month. The distance from
the on-land sampling points to the aircraft laboratory runway is approximately
80 km.

Samples of snow cover, which is a good accumulator of all the pollutants that
get into it during the cold season, were collected on sites located both near to and
far from powerful anthropogenic sources. A sample of 1 dm2 for the whole depth
of the snow cover was taken from snow with a special sterile sampler. Fresh snow
samples were collected on sterile 1 m2 polyethylene film. The collected samples
were thawed under sterile conditions, and each sample was divided into several
parts to perform chemical and biological analyses of the samples.

14.2.2
Methods to Analyze the Chemical Composition of Atmospheric Bioaerosols
and their Morphology

Let us start by considering the methods used to analyze the chemical composition
of atmospheric bioaerosols and their morphology with different variants of mi-
croscopic analysis. In the method described in [90, 91] aerosol particles deposited
on a specially developed support are stained with a dye, which interacts with the
carboxylic groups of the protein. Thus, light microscopy allows biogenic particles or
biogenic components in particles of complex composition to be detected, which
provides data on the concentration and disperse composition of the bioaerosol and
the morphology of its particles.

Other microscopic methods, which do not use dyes specific for biogenic material,
reviewed in [1, 92–97], are less informative with respect to linking aerosol parti-
cles to bioaerosols. However, reliable conclusions concerning the morphology of
particles cannot be drawn without using such microscopic methods (both opti-
cal and electronor atomic force microscopy), with the exception of particles within
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which typical microorganism structures are observed [13, 92, 96, 98–100]. But
if such structures are lacking, it is very difficult to link individual particles to
bioaerosols. Even electronography of individual particles (or the application of
another method providing information on the elemental composition of particles
and/or their surface [101, 102]) does not allow one to link individual particles
to bioaerosols with certainty. Also, although the potential of microscopic meth-
ods is far from being exhausted, their application for the analysis of aerosols,
and bioaerosols in particular, takes too much time even when automatic image
processing systems are used [103, 104]. Thus, the application of microscopic
methods provides reliable information only on the sizes and morphology of
particles, while characterization of their composition requires other methods of
analysis.

Before we proceed to the consideration of methods for analysis of the chemical
composition of atmospheric bioaerosols, let us dwell upon an important aspect
of performing such analyses. Generally speaking, information on the chemical
composition of an atmospheric aerosol is necessary for each of its particles. The
fact is that, first, aerosols originate from different natural and anthropogenic
sources, and, consequently, they have different components and chemical com-
positions. Aerosols from entirely different sources are present in the atmosphere
simultaneously. Second, atmospheric aerosols are unstable. Different physical and
chemical processes occur in aerosols under the influence of varying temperature,
humidity, and radiation [1, 4, 14–20]. These processes result in the appearance
of new components and chemical compounds, and change the dispersity and
concentration of particles. Atmospheric aerosols from a powerful source carry a
pronounced ‘‘signature’’ of the source’s chemical composition [11, 12]. They con-
tain elements, that are present in the chemical composition of a powerful source
in the largest amounts [12, 13, 105, 106]. Therefore, bioaerosols can be detected
in the analysis of the chemical composition of individual particles. However, as
noted above, neither the use of aerosol mass spectrometers nor the application
of microscopic methods provide a comprehensive characteristic of the chemical
composition of an atmospheric bioaerosol. That is why researchers have to charac-
terize the whole aerosol (or its individual size fractions) by the presence of different
markers of biogenic components of bioaerosol and the chemical composition of
the whole collected sample of atmospheric aerosol without referring the detected
chemical compounds or elements separately to atmospheric bioaerosols and other
aerosols.

The various methods summarized in Table 14.1 can be used to analyze the
chemical composition of bioaerosol samples. All of them provide information
(sometimes in an indirect way) on the presence of bioaerosols in the atmosphere,
as they detect different chemical or biological markers of atmospheric bioaerosol.
Different methods can provide information on the presence of the same chemical
compounds or elements, with a detection threshold required for practical purposes.
Therefore, the choice of a concrete method to analyze the chemical composition of
bioaerosol samples rests with the researcher. The following methods were used by
the present authors in the studies performed.
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The fluorimetric method based on the acquisition of intense fluorescence by
a protein after its modification with a fluorogenic reagent was employed to
determine the concentration of the total protein in the samples. The reagent
3,4-carboxybenzoyl quinoline-2-carboxyaldehyde (CBQCA), which forms fluores-
cent derivatives with higher quantum yield than other dyes when reacting with
proteins, was used as the modifying reagent [159]. Proteins are determined in the
presence of lipids, detergents, and surface-active substances. The detection thresh-
old of the Shimadzu RF-520 spectrofluorimeter for total protein using CBQCA
was 0.0005 µg/ml of concentrated sample, and the error of the concentration de-
termination did not exceed 20%. As fluorescence from some PAHs lies in the
same wavelength range as that of the total protein, the value referred to PAHs,
which was determined independently, was subtracted from the total fluorescence
values [160].

Different methods were employed for elemental analysis of the samples. The
determination of the elemental composition of altitude samples of atmospheric
aerosol was performed using secondary ion mass spectrometry, with the element
distribution with depth described in detail in [161]. The analysis of terrestrial
samples was performed with the atomic absorption spectroscopy method using a
Shimadzu model AA-6300 device with flame and electrothermal atomizers. Snow
samples were subjected to quick thawing followed by concentration on a graphite
collector. Then the unified technique for the analysis of the graphite concentrate of
microelements developed by the Analytical Laboratory of the Institute of Inorganic
Chemistry, Siberian Branch of the Russian Academy of Sciences, was used [162].
The method of varying weights (aliquots of 0.2, 1.0, and 5.0 ml) was employed
to take into account the matrix effect caused by the complex composition of the
analyzed sample [4]. The elemental analysis of snow samples was performed
with the method of atomic emission spectroscopy with arc excitation of spectra
on a PGS-2 diffraction spectrometer (Carl Zeiss Jena, Germany) [162]. Emission
spectra were recorded using a photodiode ruler (NPO ‘‘Optoelectronika’’); spectral
information was processed by a computer with the ‘‘ATOM’’ program for processing
spectral analysis data (developed by NPO ‘‘Optoelectronika’’ in cooperation with
the Institute of Organic Chemistry, Siberian Branch of the Russian Academy of
Sciences).

The concentrations of PAHs in samples of atmospheric air and snow were deter-
mined with the method of high-performance liquid chromatography using a Spectra
Physics SP8800, with a Shimadzu RF-530 fluorescence detector and a Spectra 100
spectrophotometric detector according to the Russian standard [160]. PAHs were ex-
tracted from the sample with hexane and chromatographically separated; the signal
was recorded with an ultraviolet detector. Identification of the peaks of individual
compounds on the chromatogram was carried out by the retention time; the mass
of the compound was calculated for each individual PAH. The relative error limits
(for 95% confidence level) make up 25% in the whole range of measurements for
each PAH.
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14.2.3
Methods Used to Detect and Characterize Microorganisms
in Atmospheric Bioaerosols

The presence of microorganisms in the air has been investigated for more than
100 years [163]. This is connected with the fact that, besides their ‘‘usual’’ effect on
the climate and atmospheric processes [164–166], microorganism aerosols cause a
large number of diseases in humans, animals, and plants [167–173]. That is why
work devoted to the study of microorganism aerosols in the atmosphere (see, for
example, [75, 100, 164, 174–183]) and their transfer over long distances [170, 172,
182, 183] are so numerous.

On the whole, all the methods used to detect and characterize microorganisms
in atmospheric bioaerosols can be divided into two main groups: cultural and
non-cultural. The first group of methods allows the detection of microorganisms
propagating on different media (test systems), that is, preserving their viability.
Such analyses usually take two to three days, and in the case of viable viruses
and lower fungi up to two to three weeks. The second group of methods does
not provide information on the viability of microorganisms – though research
has been carried out in this direction (see, e.g., review [184]). However, they
can provide information on non-culturable microorganisms and the presence of
their fragments, and can allow the identification of microorganisms by typical
signs. All these procedures take less than 24 hours, and the fastest methods just
2–3 hours.

The following methods to detect and characterize non-culturable microorganisms
in atmospheric bioaerosols can be distinguished.

• Microscopic methods. This group of methods includes optical, electron, and
atomic force microscopy with or without the use of different dyes, including
fluorescent and immunofluorescent ones [98, 185, 186]. Such methods allow
direct observation of microorganisms or their fragments in the samples. It
should be noted that there are methods to reveal the vital activity of bacteria
[114, 128, 187–189] that allow viable bacteria to be identified under a microscope
without cultivation.

• Chromatographic methods. The methods presented in Table 14.1 allow the
identification of some known microorganisms by the composition of certain
compounds. However, the sensitivity of currently used chromatographic meth-
ods, even those involving mass spectroscopic detection of high-molecular-weight
compounds, does not allow the identification of individual microorganisms.

• Cytometry including flow cytometry. On the contrary (see Table 14.1), cytometry
detects individual bacterial cells (spores) in the sample. However, the identifica-
tion of microorganisms by fluorescence spectra is less detailed and is possible
only in the case where the detected microorganism has been encountered and
identified previously.

• Methods used to detect specific antigens or macromolecules of microor-
ganisms. This group of methods includes different modifications of
enzyme-linked immunoassay (ELISA), immunofluorescent, and radioisotope
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methods [126, 127, 190]. All of them are based on the reaction of a labeled
antibody with the sought receptor on the microorganism surface. The most
sensitive modifications of these methods allow several antigens to be detected
in a sample. However, unlike cytometry or microscopic methods that detect
unknown microorganisms, this group of methods detects only known antigens.
Moreover, this group of methods, like the next one, provides information neither
on the viability of the microorganism detected with the receptor nor on its
integrity.

• Methods using the analysis of microorganism genetic material. Different
PCR-based methods are now widely used in aerobiology to detect various mi-
croorganisms in bioaerosols [151, 153, 154, 187–196]. These methods detect
only a few copies of a certain domain of microorganism genetic material in the
sample. An approach has been developed that allows the determination of the
place of even an unknown microorganism in bacterial systematics using the
nucleotide sequence read from a genetic material amplified fragment [155, 197].
However, as noted above, this group of methods provides information neither
on the viability of the microorganism genetic material detected in the fragment
nor on its integrity.

Only the use of the cultural methods [185, 186, 198, 199] allows us not only to
determine the viability of a microorganism, but also to produce its ‘‘pure line’’ for
further comprehensive study of its characteristics with different methods, from
physical to molecular biological ones. It should be noted that non-specific media
can be used to detect viable bacteria or lower fungi in samples of atmospheric
bioaerosols, and the detection of viable viruses requires the use of either cell cultures
or laboratory animals susceptible to this virus [7]. In the authors’ researches, both
cultural and non-cultural methods were used to identify and characterize the
microorganisms in atmospheric bioaerosols.

Standard methods were employed to determine the concentration of culturable
microorganisms. Samples were seeded onto Petri dishes containing agar media
as follows: Luria–Bertani (LB) medium or Fish agar (FA). ‘‘Fish agar’’ consists of
(g/l): fish pancreas hydrolysed product – 17.9, agar – 12.0, NaCl – 8.0, pH 7.0–7.5.
[200] was used to detect saprophyte bacteria; depleted LB medium (diluted 1 : 10)
was used to isolate microorganisms inhibited by the excess of organic substances;
starch–ammonia agar (SAA) medium [189] was used to detect actinomycetes; soil
agar was used for soil microorganisms; and Sabouraud medium [201] was used
for fungi and yeast. Successive sample dilutions were prepared as required. The
seedings were incubated in a thermostat at a temperature of 28–30 ◦C for 3–14 days.

An evaluation and description of the cultural–morphological indices of grown
colonies of fungi were performed on days 5 and 14 for more complete evaluation
of the number of fungi, including those at quiescent stages of development and
requiring longer time periods for growth on a medium. Qualitative evaluation
included the description of the colonies’ morphology for the whole variety of grown
fungi and optical microscopy of isolates. Photographs of conidiophores, conidia, and
mycelium of some isolates were taken using a Zeiss Axioscop microscope. Standard
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manuals and classifiers were used for identification of fungi [202, 203]. After
determining the isolates up to the genus, some fungal cultures were reseeded on a
medium to create a collection of pure cultures and to perform further investigation
of their properties.

The morphological features of the detected bacteria were studied visually and with
light microscopy. Fixed preparations of Gram-stained cells and live preparations of
cell suspensions observed with the phase contrast method were prepared for this
purpose. The taxonomic groups of the detected microorganisms were determined
according to [189, 204, 205], and the analysis of nucleotide sequences of PCR
products corresponding to the fragments of the 16S rDNA gene was performed for
some bacteria [206].

The calculation of the number of viable microorganisms in samples expressed
in terms of colony-forming units (CFUs) was performed according to standard
methods [207]. The number of microorganisms was averaged over three or four
parallel samples seeded on four or five different media. Taking into account the
volume of atmospheric air samples collected for analysis, the minimal detection
threshold for the concentration of viable fungi in the atmosphere was 40 CFU/m3

for altitude samples and 11 CFU/m3 for on-land samples. For bacteria, the
detection threshold was 100 CFU/m3 for altitude samples and 28 CFU/m3 for
on-land samples.

The determination of the pathogenic properties of bacteria included testing
the studied microorganisms for the presence of hemolytic, plasmocoagulation,
fibrinolytic, and gelatinase activities.

• The hemolytic activity was determined on blood agar by clarification zones around
colonies according to a method described in the literature [205].

• In order to determine the, dry rabbit blood plasma was diluted 1 : 5 with sterile
physiological solution and used as a test reaction. Diluted plasma (0.5 ml) was
placed into a sterile test tube, and one loop of 18–20 h culture was suspended
in it. The test tubes were placed into a thermostat at 37 ◦C, and the presence of
plasma coagulation was observed within 1, 2, 3, 18, and 24 h of incubation.

• In order to reveal the fibrinolytic properties of microorganisms, sterile test tubes
were filled with 0.1 ml of citrate plasma, 0.4 ml of physiological solution, 0.25 ml
of 18–20 h broth culture of the tested strain, and 0.25 ml of 0.25% calcium
chloride solution. The test tubes were shaken and placed into a thermostat at
37 ◦C for 15–20 minutes. If a clot was formed in the tube (as in the control
case, where nutrient medium was added instead of broth culture), the tested
culture was considered to have no fibrinolytic properties. If fluidization of the
clot was observed within 2 h, the culture was characterized by the presence of
fibrinolysin.

• The gelatinase activity was determined by seeding microorganisms in beef-peptone
broth containing 12% gelatin. A positive reaction was the fluidization of the
gelatin column [189].

The growth characteristics of bacteria at increased salt concentration were
determined by growing microorganisms on FA medium with increased NaCl
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concentration (5 or 10%). The growth of colonies provided indirect evidence of
bacterial resistance to drying.

The determination of enzymatic activity of isolated bacteria was performed by
the following tests. The determination of proteolytic (caseinolytic) activity of the
tested isolates was performed using milk agar (MA). The composition of MA was
as follows: 3% starved agar (tap water + 3% agar), which was sterilized at 1 atm
for 30 minutes, and 12% non-fat milk sterilized at 1 atm for 20 minutes. The
starved agar was melted and cooled to 50–55 ◦C before use, thoroughly mixed with
sterile milk warmed to the same temperature, and poured into dishes. The tested
microorganisms were seeded onto the medium surface by stroking, and incubated
under optimal conditions. The presence and size of substrate hydrolysis zones
were determined by measuring them in millimeters [189].

Amylolytic activity was determined by the ability of the strains to secrete amylolytic
enzymes during growth on SAA medium containing starch. The studied cultures
were seeded onto the medium surface by stroking or injection with a bacteriological
loop. After incubation, iodine solution was poured onto the dish, which was used
to detect colonies producing hydrolysis zones. A positive test result was indicated
by the appearance of a colorless area around the growth zone.

The determination of lecithinase and lipase activities of isolates was performed
on yolk agar (FA + yolk). Yolk was placed into 400 ml of molten agar and mixed
to obtain a uniform suspension under aseptic conditions. Then, the yolk medium
was poured into dishes and left until it became hard. The cultures were seeded by
stroking onto the medium surface, and incubated for three to seven days. Positive
lecithinase reaction was expressed as the appearance of turbid zones at clarification
of the yolk agar around colonies of tested cultures [189]. The presence of lipase
was revealed by viewing the grown colonies in inclined light. A positive result was
indicated by the formation of an oily, glittering and shimmering, or pearl, layer
above the colony or around it on the agar surface [189].

The screening of isolates for lipolytic activity was performed at room temperature
by seeding the strains by injection onto L-agar containing 1% Tween-20 or Tween-40
supplemented with 0.01% CaCl2. The results were determined within three to four
days of incubation of the seedings by the presence of turbid zones in the agar around
the colonies. The relative activity was determined by measuring the diameters of
the colony and the zone [189].

In order to detect alkaline phosphatase, 0.3 ml of a suspension in physiological
solution (0.85% NaCl) was added to 0.3 ml of substrate solution containing 0.04 M
glycine buffer at pH 10.5 and with 0.01 M disodium n-nitrophenyl phosphate
(Sigma). The mixture was incubated for 3 h at 37 ◦C. Positive reaction manifested
itself as yellow staining of the reaction mixture [204]. The enzyme activity was
determined within 3 h of incubation by absorption on a Uniplan apparatus (Russia)
with a color filter at a wavelength of 450 nm.

The endonuclease activity was determined on a solid medium with thymus DNA
and toluidine blue. The reaction was evaluated by the appearance of a bright pink
zone around the bacterial colony [205].
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When screening the isolates for the presence of restriction endonucleases, indi-
vidual colonies collected from a solid culture were suspended in 100–200 µl of
TEN buffer: 0.1 M Tris (tris(hydroxymethyl)aminomethane), pH 7.5, 0.01 M EDTA
(ethylenediaminetetraacetate), and 0.05 M NaCl. Lysozyme and Triton X-100 were
used to destroy the cell walls of the bacteria. The cell extract obtained was used
for analysis of the presence of restriction endonucleases. DNAs of phages λcI857
and T7 were used as substrates for hydrolysis. The electrophoresis of DNA after
restriction was performed in 1% agarose (Sigma) [208]. The presence of restriction
endonucleases in the microorganism strains was revealed by the appearance of
discrete fragments of substrate DNA in the electrophoregram under ultraviolet
light.

The concentration of plasmid DNA in isolates was determined with the screening
method using a standard procedure. Cells from a solid medium were suspended
with a loop in 100 µl of buffer (50 mM Tris, pH 8.0, 50 mM Na2 EDTA, and 15%
sucrose), 200 µl of alkaline solution (0.2 N NaOH and 1% sodium dodecyl sulfate
(SDS)) and 150 µl of 3 M sodium acetate, pH 5.0, were added, and centrifugation
was performed for 5 minutes on a desktop centrifuge. Then 1 ml of 96% ethanol
was added to the sediment. The DNA obtained was analyzed in 0.8% agarose in
Tris–borate buffer, pH 8.0 [205].

Antibiotic resistance was studied with the disk diffusion method [189], by
seeding microorganisms onto solid media followed by application of paper
disks (Research Center of Pharmacology, Saint Petersburg, Russia) with the
antibiotics widely used in practice: ampicillin (10 µg/disk), neomycin (30 µg/disk),
benzylpenicillin (100 U/disk), levomycetin (30 µg/disk), carbenicillin (100 µg/disk),
canamycin (30 µg/disk), oleandomycin (15 µg/disk), rifampicin (5 µg/disk), strep-
tomycin (30 µg/disk), polymyxin (300 U), erythromycin (15 µg/disk), lincomycin
(15 µg/disk), oxacillin (10 µg/disk), gentamycin (10 µg/disk), and tetracycline
(30 µg/disk).

Atmospheric air samples were not tested for the presence of viable viruses.
Genetic material of viruses was detected in atmospheric air samples with PCR
method. The procedure of DNA isolation and amplification used in the study
was described in detail in [209, 210]. The real-time polymerase chain reac-
tion (RT-PCR) method described in [211] was used for RNA isolation and
amplification.

For electron microscopy of samples, the polyethyleneglycol PEG-6000 was added
to the samples up to a final concentration of 8%, thoroughly mixed, and put on ice
for 4 h. After that, centrifugation was performed at 10 000 g for 30 minutes at 4 ◦C.
The supernatant was carefully collected, and the sediment was dissolved in NTE
buffer: 0.1 M NaCl, 0.01 M Tris HCl, and 0.001 M EDTA, pH = 7.6. Then 0.05 ml
of the sample was poured into two test tubes. The precipitate of microorganisms
obtained by PEG desalination was fixed with 4% paraformaldehyde solution, fixed
once again with 1% osmic acid solution, and dehydrated in ethanol solutions with
incremental concentration and acetone. Epon-Araldite was poured into the mixture.
Ultrathin sections were prepared on a Reichert–Young microtome and contrasted
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with uranyl acetate and lead citrate solutions. An H-600 electron microscope
(Hitachi, Japan) was used to examine 700–800 Å thick sections.

14.3
Atmospheric Bioaerosol Studies

14.3.1
Time Variation of Concentrations and Composition of Atmospheric
Bioaerosol Components

Let us analyze the results obtained in the course of long-term observation of
atmospheric bioaerosols in southwestern Siberia. As noted above, we consider the
total protein and viable microorganisms to be the most important and informative
components of atmospheric bioaerosols.

First of all, it should be noted that, during 10 years of observation, the average
annual concentrations of these components measured at altitudes from 500 to
7000 m in southwestern Siberia tended to decrease (Figure 14.1). On average, this
decrease is not large, and comes to 7.0% per year for the total protein concentration
and 7.9% per year for the concentration of viable microorganisms (note that, as
accepted in microbiology, this concentration value here and subsequently in the
text is expressed in decimal logarithms of the number of viable microorganisms
in 1 m3 of air). Similar trends in the variation of these values revealed for ter-
restrial (‘‘on-land’’) measurements at site A give a decrease by 6.5% per year for
the total protein concentration and 8.2% per year for the concentration of viable
microorganisms. There are no literature data on such long-term year-round obser-
vations of the full concentration and type of viable microorganisms in atmospheric
aerosol, though long periods of observations of individual microorganism species
and pollen have been described in the literature for different regions of the world
[212–217].

Literature data show that various bioaerosols including viable microorganisms
can be found in all atmospheric layers: in the surface layer and at altitudes higher
than 70 km [1, 179, 218–225]. Their concentration in 1 m3 of atmospheric air varies
from several species to several thousands and even tens of thousands [1, 179,
218–229]. The concentrations of viable microorganisms found in the atmosphere
of southwestern Siberia at altitudes up to 7000 m correlate well with the values
determined in these works.

The dynamics of the annual variation of the total protein and viable microor-
ganism concentrations for altitude and on-land measurements in southwestern
Siberia normalized by the corresponding average annual values are presented in
Figures 14.2 and 14.3 and in Table 14.2. Two important aspects should be noted
here. First, there exists an expressed dependence of these values for all observation
sites over the course of a year. The annual amplitude of variation of the value of the
total protein concentration at altitudes of 500–7000 m reaches ±40%, and the con-
centrations of viable microorganisms reaches ±0.45 on the logarithm scale used.
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Figure 14.1 Long-term variations in average annual con-
centrations in the atmosphere of southwestern Siberia at
altitudes of 500–7000 m: (a) aerosol (data for 2007–2008
have not been processed); (b) total protein; and (c) microor-
ganisms. Average annual values and their confidence interval
at 95% reliability level are presented.
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Figure 14.2 Annual variations of concen-
tration normalized over the average annual
value in the atmosphere of southwestern
Siberia at altitudes of 500–7000 m, aver-
aged over 10 years of observations: (a) total

protein; (b) culturable microorganisms; and
(c) culturable fungi. Average values and their
confidence interval at 95% reliability level are
presented.

For on-land measurements at site A, the variation of the total protein concentration
reaches ±30%, and that of the viable microorganism concentration reaches ±0.55
on the logarithm scale. The dependences of the concentration of viable bacteria
for the whole year follow those for the full number of viable microorganisms, as
their concentration is usually larger than that for viable lower fungi. (According to
the data for the whole observation period, average annual concentrations of viable
bacteria varied within the range of 200–3200 CFU/m3, while the concentration of
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Figure 14.3 Annual variations of concentration normalized
over the average annual value for on-land measurements at
point A, averaged over eight years of observations: (a) total
protein; and (b) culturable microorganisms. Average annual
values and their confidence interval at 95% reliability level
are presented.

viable fungi varied within the range of 90–200 CFU/m3.) This is similar to the
situation in Marseilles according to [230]. The dependences for the concentration of
viable bacteria summarized in [231] for Paris, Moscow, Montreal, and other regions
[177] demonstrate similar dynamics of their variation, but with somewhat larger
amplitude. A similar variation of concentrations in the atmosphere is also observed
for fungi (Figure 14.2C). The annual dynamics of both individual representatives
of different genera and the total concentration of fungi are also presented in the
literature [137, 177, 216, 217, 230, 232–235]. Thus, the expected dependences,
which are in qualitative agreement with data for other regions, were revealed. In
the warm season, the region’s atmosphere contains more bioaerosols than in the
cold season, though, as shown in [177, 216, 217, 232, 235], for some genera of fungi
the maximal concentrations are reached in other seasons.
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Table 14.2 Average seasonal characteristics of aerosols
determined for samples collected at site B.

Year Characteristic Winter Spring Summer Autumn

2001 Aerosol mass concentration
(µg/m3)

27 ± 11 61 ± 38 34 ± 12 31 ± 17

Total protein concentration
(µg/m3)

0.007 ± 0.003 0.01 ± 0.01 0.24 ± 0.14 0.09 ± 0.09

Percentage of total protein
in aerosol mass

0.03 ± 0.02 0.01 ± 0.01 0.76 ± 0.40 0.24 ± 0.26

Culturable microorganisms
(log10CFU/m3)

2.8 ± 0.4 4.3 ± 0.9 3.2 ± 0.3 4.4 ± 0.8

2002 Aerosol mass concentration
(µg/m3)

22 ± 5 52 ± 38 26 ± 10 38 ± 19

Total protein concentration
(µg/m3)

0.08 ± 0.04 0.06 ± 0.06 0.3 ± 0.1 0.3 ± 0.1

Percentage of total protein
in aerosol mass

0.4 ± 0.2 1.1 ± 0.8 1.3 ± 0.6 0.8 ± 0.3

Culturable microorganisms
(log10CFU/m3)

3.0 ± 1.1 2.6 ± 0.8 2.8 ± 0.2 1.2 ± 0.9

2003 Aerosol mass concentration
(µg/m3)

26 ± 9 36 ± 22 28 ± 12 25 ± 19

Total protein concentration
(µg/m3)

0.01 ± 0.01 0.7 ± 0.4 0.6 ± 0.3 0.9 ± 0.6

Percentage of total protein
in aerosol mass

0.4 ± 0.5 2.3 ± 1.1 3.0 ± 3.3 4.2 ± 2.9

Culturable microorganisms
(log10CFU/m3)

2.6 ± 0.5 3.4 ± 0.8 3.2 ± 0.3 3.6 ± 0.6

2004 Aerosol mass concentration
(µg/m3)

34 ± 16 57 ± 43 18 ± 9 26 ± 13

Total protein concentration
(µg/m3)

0.21 ± 0.12 1.27 ± 1.59 1.48 ± 0.65 0.442 ± 0.22

Percentage of total protein
in aerosol mass

0.79 ± 0.57 1.97 ± 1.32 10.0 ± 5.7 1.77 ± 0.71

Culturable microorganisms
(log10CFU/m3)

2.5 ± 0.3 3.2 ± 1.0 2.7 ± 0.3 2.6 ± 0.4

2005 Aerosol mass concentration
(µg/m3)

34 ± 10 39 ± 23 25 ± 12 31 ± 16

Total protein concentration
(µg/m3)

0.07 ± 0.03 0.51 ± 0.34 0.62 ± 0.23 0.18 ± 0.13

Percentage of total protein
in aerosol mass

0.25 ± 0.15 1.41 ± 0.87 3.13 ± 2.32 0.71 ± 0.61

Culturable microorganisms
(log10CFU/m3)

2.6 ± 0.4 3.2 ± 0.8 3.6 ± 0.7 3.0 ± 0.2

(continued overleaf )
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Table 14.2 (Continued)

Year Characteristic Winter Spring Summer Autumn

2006 Aerosol mass concentration
(µg/m3)

51 ± 17 75 ± 57 41 ± 15 41 ± 34

Total protein concentration
(µg/m3)

– 1.18 ± 1.58 1.04 ± 0.39 0.45 ± 0.28

Percentage of total protein
in aerosol mass

– 1.34 ± 1.0 3.27 ± 2.57 1.37 ± 1.01

Culturable microorganisms
(log10CFU/m3)

2.4 ± 0.3 – 2.9 ± 0.1 3.1 ± 0.6

2007 Aerosol mass concentration
(µg/m3)

43 ± 23 71 ± 54 46 ± 21 30 ± 18

Total protein concentration
(µg/m3)

0.08 ± 0.04 0.65 ± 0.37 1.84 ± 0.86 0.21 ± 0.19

Percentage of total protein
in aerosol mass

0.21 ± 0.12 1.19 ± 0.70 4.65 ± 2.83 0.70 ± 0.58

Culturable microorganisms
(log10CFU/m3)

2.4 ± 0.3 2.8 ± 0.7 4.0 ± 0.7 2.7 ± 0.5

2008 Aerosol mass concentration
(µg/m3)

55 ± 18 55 ± 30 50 ± 18 37 ± 21

Total protein concentration
(µg/m3)

0.08 ± 0.06 0.71 ± 0.32 0.56 ± 0.29 0.23 ± 0.09

Percentage of total protein
in aerosol mass

0.16 ± 0.13 1.58 ± 1.11 1.20 ± 0.64 0.81 ± 0.48

Culturable microorganisms
(log10CFU/m3)

2.6 ± 0.7 2.4 ± 0.9 2.9 ± 0.8 –

Second, for altitude samples of atmospheric air, the values for each month of the
year averaged over 10 years of observations are given for the whole atmospheric
mass from 500 to 7000 m. It is known that the concentration of aerosols in
southwestern Siberia with diameter of more than 0.4 µm decreases at an altitude of
7 km by more than an order of magnitude as compared with that in the surface layer
[236]. For bioaerosols, the situation is entirely different. As follows from the data
presented in Figure 14.4, the vertical profile of the concentrations of total protein
and viable microorganisms at altitudes from 500 to 7000 m averaged over the
observation period is practically constant (the average concentration decrease does
not exceed 50%). Averaging was performed as follows. Experimental data for all
altitudes obtained in one probing were normalized by the mean of the determined
value to exclude their variation over the year. After that, these normalized values
were averaged for each altitude, and a confidence interval at 95% confidence level
was constructed for the obtained value. We will return to the analysis of the observed
altitude profiles below. It should also be noted that, according to [237], there is a
80-fold decrease in bacterial concentration at altitudes from 500 to 6000 m, while
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Figure 14.4 Normalized altitude profiles of concentrations
of (a) total protein and (b) culturable microorganisms in
southwestern Siberia.

in experiments above the North Sea weak variation of bioaerosol concentration was
observed at altitudes from 500 to 3000 m, and in one experiment also at altitudes
from 0 to 500 m [238].

Now let us analyze the variety of culturable microorganisms detected in atmo-
spheric air samples. On the whole, the percentage of microorganisms in samples
varies, and sometimes very sharply, both between altitudes and between measure-
ments (both at ground level and at different altitudes). As the variety of genera
of detected microorganisms is very large, it proves to be impossible to reveal
the temporal variations of their concentrations in the atmosphere. That is why
the detected microorganisms were combined in the following groups: cocci, rods,
non-sporiferous bacteria, actinomycetes, yeast, and fungi. Figures 14.5 and 14.6
show the contributions of these groups of viable microorganisms to their total
number in the samples. As can be seen from Figures 14.5 and 14.6, even for these
groups it is difficult to reveal any regularities of the variation of their concentra-
tions in the atmosphere. There are literature data on the time variation of the
concentration of different microorganisms in the atmosphere [185, 216, 217, 221,
230–233, 239]. The authors of these works sometimes observed a very sharp change
in both the number and the type of microorganisms in successive samples. The
relative amounts of different viable microorganisms in atmospheric air samples
collected at altitudes of 500–7000 m averaged over all annual samples also varies
between years (Figure 14.7), though these differences are not as pronounced as for
individual samples. Probably, only long-term observations will allow the collection
of enough experimental data to reveal statistically significant seasonal and altitude
dependences for individual microorganisms as done for their total number.



428 14 Atmospheric Bioaerosols

Feb
.'0

0

Ju
l.'0

0

Nov
.'0

0

Feb
.'0

1

May
'01

Aug
.'0

1

Nov
.'0

1

Mar
.'0

2

Ju
n.'

02

Sep
.'0

2

Ja
n.'

03

Ju
l.'0

3

Oct.
'03

Ja
n.'

04

May
'04

Aug
.'0

4

Dec
.'0

4

Mar
.'0

5

Ju
l.'0

5

Oct.
'05

Feb
.'0

6

May
'06

Aug
.'0

6

Nov
.'0

6

Feb
.'0

7

May
'07

Aug
.'0

7

Nov
.'0

7

Feb
.'0

8

May
'08

Sep
.'0

8

Dec
.'0

8

P
er

ce
nt

ag
e 

of
 m

ic
ro

or
ga

ni
sm

s

Month of sampling

Yeasts
Actinomyces
Fungi
Nonsporiferous bacteria
Cocci
Rods

Figure 14.5 Long-term variations of types of culturable
microorganisms in atmospheric air of southwestern Siberia
samples at the altitudes of 500–7000 m (normalization
by the total number of microorganisms detected in each
sample).

An important characteristic of bioaerosol is its proportion in the full mass of
the atmospheric aerosol. Data [240] and later results of on-land measurements
for different seasons demonstrate that the proportion of total protein in the
samples makes up from 0.01% to approximately 10% of the mass of aerosol
particles determined with gravimetric method. However, according to [90], the
mass proportion of bioaerosol during the year in the vicinity of Lake Baikal makes
up from 10% to 80% of the full aerosol mass (it should be noted that these values
correlate well with the authors’ measurements in different regions near Baikal
in 2008), and, according to [241], the proportion of biogenic particles can reach
95%. Other authors [91, 112, 242, 243] estimate this proportion at 3–11% by
mass and even up to 25% depending on the sampling place and meteorological
conditions. Estimates made taking into account the fact that the proportion of
viable microorganisms in the total number of microorganisms in different samples
is 0.001–40% [22, 129, 175, 196, 226, 244, 245] show that the detected viable
microorganisms make a significant contribution to the observed total protein
concentrations.

Previously it has been shown that the fraction of particles with aerodynamic
diameters of 0.16–0.4 µm contains the maximal number of protein molecules [240,
246]. The mass proportion of total protein in all the particles is maximal in the
range from 2.1 to 10 µm. These results are consistent with the data in [243] on the
presence of cellulose in bioaerosol particles of different sizes and in [174, 177, 247]
where it is shown that the fraction of atmospheric aerosol with particle diameters
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Figure 14.6 Eight-year variation of types of viable microor-
ganisms in atmospheric air samples from southwestern
Siberia at point A (normalization by the total number of
microorganisms detected in all samples collected during 24
hours).
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Figure 14.7 Nine-year annual variation of numbers of viable
microorganisms in atmospheric air samples from south-
western Siberia at altitudes of 500–7000 m (normalization
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exceeding 2 µm contains the largest number of microorganisms (always containing
a considerable amount of protein), and the mean diameter of particles containing
microorganisms is 3.9 µm. They also agree with recently published data for OC
[248] showing that its amount is maximal in particles with an aerodynamic diameter
of 0.3 µm and its proportion in the total mass of particles slightly varies in the range
from 0.1 to 10 µm. It is clear that mechanical destruction of non-living biological
material (the remains of plants, animals, and their individual cells) into particles
of submicrometer size requires considerable energy expenditure. Therefore, it is
natural that particles with diameters exceeding 0.1 µm are most rich in biogenic
components.

Data obtained in on-land experiments allow us to evaluate the diurnal course
of the measured values. The observed differences in the concentrations of total
protein and viable microorganisms in atmospheric air samples collected during 24
hours of measurements proved to be statistically uncertain. Nor were considerable
differences revealed in the amounts of culturable microorganisms in samples
collected at different times of the day. In other words, these values remain
practically constant during the day. This somewhat contradicts data of other
authors, who recorded a clear diurnal course of the concentrations of different viable
microorganisms or other bioaerosols [175, 226, 233, 249, 250]. This is connected
with the fact that sampling was performed at an altitude of approximately 15 m
above ground level, which could slightly smooth the daily course of the observed
concentrations; and our samples were sampled 6 hourly but in the above-mentioned
works it was performed much more frequently. Probably, a longer integration time
‘‘blurs’’ the existing diurnal course of bioaerosol concentration in the surface
atmospheric layer. It should be noted that the authors of [230] also did not manage
to reveal the daily course of microorganism concentration in the atmosphere for
two observation points.

Statistical analysis of the results of measuring the concentrations of total protein
and culturable microorganisms in the atmosphere at altitudes of 500–7000 m was
performed in [251]. A conclusion was drawn about the different physical nature of
the statistics of the concentrations of total protein and culturable microorganisms.
The concentration of culturable microorganisms is described by a discrete law,
that is, a Poisson distribution, whereas the total protein concentration obeys a
continuous law, that is, a modification of the log-normal distribution proposed in
[252]. The correlation between the fluctuations of the total protein and culturable
microorganism concentrations was estimated. The correlation coefficient of the
obtained estimates of the concentration dispersions was found to be 0.02. This
means that, in spite of equal conditions of pollutant spread, the sources of total
protein and culturable microorganisms probably have different natures, that is,
they act independently of one another.

The wavelet analysis of cumulative time-series data was performed to reveal
quasi-periodic processes in the variation of bioaerosol concentrations in southwest-
ern Siberia [253]. We used Morlet wavelet to analyze the concentration variations,
as it is good for the analysis of quasi-periodic processes such as atmospheric
variations resulting from the atmosphere’s own fluctuations. The Morlet wavelet
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also provides a pictorial representation and easy interpretation of the data in terms
of Fourier analysis. The analysis of data on the total protein concentration in
aerosols obtained in the environs of Novosibirsk described in [254, 255] allowed
a relation to be revealed between the variations of the mass concentration of
aerosols and the total protein concentration in the surface atmospheric layer and at
altitudes of 500–7000 m with its typical periodic synoptic processes. It was shown
that variations of the concentrations of total protein and viable microorganisms
in southwestern Siberia are mainly determined by the revealed seasonal periodic
processes.

Wavelet analysis of longer time series refined the previously obtained results and
showed that the concentration of viable microorganisms determined in on-land
measurements has a strong variation, with a time scale of one-and-a-half years,
and a weak variation, with a period of approximately 20–28 months for site B.
For site A, the annual harmonics of the concentration of viable microorganisms
is the strongest, and the semi-annual one is weaker. In these concentration series,
one can observe strong irregular variations with time periods from 2 to 5 months
during the whole period of measurement. For the total protein concentrations
at site B, a strong variation with a period of one year and very weak variations
with periods of 6 and 20–26 months were revealed. For site A, periods of 20–28,
16, and 12 months are distinguished. The wavelet analysis showed that the
inter-year and intra-seasonal processes determining the variations of the studied
concentrations at these points are most probably nonlinear. The presence of one
year periodicity is explained by seasonal cycles. The inter-year variation with a time
scale of about 20–27 months might be associated with stratospheric circulation,
in particular, with quasi-biennial oscillation of equatorial stratospheric winds
[256].

Thirty atmospheric air samples collected on fibrous filters at site A in different
seasons were analyzed to see if virus-containing aerosols could be present in the
atmosphere. The volume of air sampled was 10–15 m3. All the samples were
analyzed with the PCR method for the presence of viruses causing diseases with
respiratory syndromes: influenza viruses of all types, including avian influenza virus
type A subtype H5N1; severe acute respiratory syndrome virus; other coronaviruses;
respiratory syncytial virus; adenoviruses of all serotypes; and some others. No
genetic material of the above viruses was found in any of the tested samples. Taking
into account the sensitivity of the PCR method used, the detection threshold of
this technique is not more than one viral particle in 1 m3 of atmospheric air. The
samples were also analyzed with our own ELISA tests for the presence of the
above viruses. All the tests carried out gave negative results – these viruses were
not detected in atmospheric air samples. It should be noted that western Siberia
is not an endemic area for airborne infections. It is located in the center of the
Eurasian continent far from powerful sources of influenza virus aerosols [257], and
the sampling points are rather far from the habitats of migrant birds transmitting
influenza viruses [258].

Electron microscopy did not detect viruses in atmospheric air samples either.
Usually, bacteria, fungal spores, their microscopic fragments, fragments of plants,
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and sometimes virus-like particles are found in the samples. But their identification
was not performed, and the above PCR methods did not confirm the presence of
viruses in the samples. The presence of viral particles in the region’s atmospheric
aerosol might be a rare event.

14.3.2
Spatial Variation of the Concentrations and Composition of Atmospheric
Bioaerosol Components

In the previous sections, we mentioned a large number of works containing data
on the variation of the concentration of different bioaerosols in the atmosphere
in different time periods. Practical data on the spatial variations of the concentra-
tion and composition of atmospheric bioaerosol components are lacking in the
literature. That is why we will use our own data on the variations of the concentra-
tions of total protein and culturable microorganisms in practically simultaneous
altitude measurements (sampling at altitudes of 500–7000 m took about 2 h) and
simultaneous measurements in different on-land sampling points.

It was noted above that in southwestern Siberia the concentrations of total protein
and viable microorganisms remain practically constant at altitudes of 500–7000 m
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Figure 14.8 Annual variation of normalized altitude profiles
of concentrations of (a) total protein and (b) viable microor-
ganisms averaged for 1999–2008. Average values at each
altitude and ±95% confidence interval of the whole data col-
lection for this year are presented.
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Figure 14.9 Nine-year variation of normalized altitude pro-
files of concentrations of (a) total protein and (b) viable
microorganisms. Average values at each altitude and ±95%
confidence interval of the whole data collection for this year
are presented.

(Figure 14.4). It is natural to expect that local bioaerosol sources contribute to
the studied profiles during the warm period of the year. However, the results
of the construction of normalized altitude profiles for the concentrations of total
protein and viable culturable microorganisms averaged for each of the months
of 1999–2008 show that it is impossible to reveal variations over the course of a
year for these altitude profiles in that region (Figure 14.8). This indicates that the
contribution of local sources to the measured concentration values at altitudes of
500–7000 m is small. Figure 14.9 presents average annual altitude profiles of these
concentrations calculated for 1999–2008 and normalized by the average annual
values. As follows from the figures, no expressed trends in the variations of the
observed altitude profiles for these years are revealed: all of them are practically
constant at altitudes of 500–7000 m, with insignificant deviations from the average
values, which could be caused by differences in atmospheric processes in the
region.

The revealed profiles of the bioaerosol components determined in the atmos-
phere can be formed by very powerful remote sources such as vast forest lands, water
surfaces, and soil. Aerosols from such sources rising to considerable altitudes mix
and are transferred over the whole Northern Hemisphere, creating the observed
profiles as particles deposit. Different mechanisms causing particles to rise in
the atmosphere exist in nature [259, 260], which is why the rise of bioaerosols
(with typical sizes lying within the micrometer range) to considerable altitudes
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Figure 14.10 The comparison of on-land and altitude con-
centrations of (a) total protein and (b) viable microorgan-
isms measured during particular months.

is theoretically possible. The fact that the mass concentration of atmospheric
bioaerosols is rather large even at altitudes up to 7000 m is indicative of the
remarkable role that the mechanisms of aerosol ascent to the upper atmospheric
layers play in nature.

Data on culturable microorganism concentrations obtained for non-
simultaneous on-land and altitude measurements in the same month are close to
each other (Figure 14.10). However, the total protein concentrations determined
during altitude measurements and presented in Figure 14.10 are approximately
twice as high as those for on-land measurements. This indicates that, first,
atmospheric bioaerosols containing culturable microorganisms and total protein
originate from different sources, though microorganisms make their contribution
to the observed total protein concentration. Second, local sources of bioaerosols
containing total protein do not make a significant contribution to the total protein
concentrations observed in the atmosphere.

It should also be noted that, in spite of the weak variation of the concentrations
of culturable microorganisms in the atmosphere, their amounts can change
significantly even at the neighboring altitudes at which the measurements were
performed [261, 262]. The latter fact, as well as the small number of culturable
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Table 14.3 The comparison of pairs of values measured simultaneously on different sites.

Compared sites The comparison of two values Number of pairs
and correlation

coefficients

Site A and site B,
2001–2008

Aerosol mass concentration 0.9*/÷ 2.0 24 pairs, +0.47

Site A and site B,
2001–2008

Total protein mass concentration 1.8*/÷ 5.5 28 pairs, +0.36

Site B and site C, 2005 Aerosol mass concentration 1.0*/÷ 1.8 15 pairs, −0.38
Site B and site C, 2005 Total protein mass concentration 2.0*/÷ 1.9 15 pairs, −0.19
Site B and site C, 2005 Ratio of total protein in aerosol mass 2.0*/÷ 1.7 15 pairs, +0.27
Site B and site C, 2006 Aerosol mass concentration 1.0*/÷ 1.6 17 pairs, +0.37
Site B and site C, 2006 Total protein mass concentration 0.6*/÷ 1.6 17 pairs, +0.19
Site B and site C, 2006 Ratio of total protein in aerosol mass 0.6*/÷ 1.9 17 pairs, +0.54
Site B and site C, 2008 Aerosol mass concentration 2.7*/÷ 1.7 15 pairs, +0.13
Site B and site C, 2008 Total protein mass concentration 2.0*/÷ 1.9 15 pairs, −0.15
Site C and site C, 2008 Ratio of total protein in aerosol mass 0.7*/÷ 2.1 15 pairs, +0.38

microorganisms of each species (genus) in samples collected at each altitude, does
not allow the construction of reliable altitude profiles for individual microorganism
species (genera).

Now let us proceed to the analysis of on-land data on bioaerosol concentrations
determined simultaneously at different sampling points. Table 14.3 summarizes
the results of the comparison of all the simultaneous measurements performed in
2001–2008. As follows from the results presented in Table 14.3, the mass aerosol
concentration at site B tends to exceed that measured at sites C and A. The observed
differences are statistically indistinguishable on account of the sparseness of the
data.

The total protein concentration in the full aerosol mass at point A tend to be
higher than those measured at sites B and C. The concentrations and proportions of
total protein in the full aerosol mass behave differently in different years at the latter
two sites. However, the observed differences are statistically indistinguishable, as
for the mass concentrations of aerosol. The compared pairs of measurements
correlate with each other, though the maximal value of the correlation coefficients
does not exceed 0.54. Only in one case do the values compared in Table 14.3
have a negative correlation coefficient; in the other cases it varies from 0.13 to
0.47.

Thus, preliminary data on the spatial variation of the concentrations of
atmospheric aerosols and bioaerosols in the region show that at distances up
to 80 km and altitudes up to 7000 m their concentrations can be considered
approximately constant though weakly related with each other. This could be
explained by the absence of powerful local sources of bioaerosols in the region
under study.
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14.3.3
Possible Sources of Atmospheric Bioaerosols and their Transfer in the Atmosphere

The question arises why we observe such a diversity in the composition of culturable
microorganisms in samples collected on the same day at different altitudes or at
different times of the day at the same sampling point. We suppose that this is
explained by the fact that samples contain bioaerosols (and non-biogenic aerosols)
that have come to the sampling point from different sources. In the case when
unique chemical, physical, or biological markers for definite sources are known, it is
possible to determine these sources (even in the case when there are several sources
with the same marker in the region under study) using the approaches developed
in [29, 35, 263–265]. These approaches give good results for the identification
of anthropogenic sources and the evaluation of their contribution to observed
atmospheric air pollution.

In most cases, natural sources of aerosols have been poorly characterized and
are often unknown at all. As follows from the previous data, the main sources of
bioaerosols observed in southwestern Siberia are most probably located outside the
region. In this case, we can use one of the models described in [266], or the model
HYSPLIT-4 (which can be found at http://www.arl.noaa.gov/ready/hysplit4.html).
These models allow the reconstruction of the most probable backward trajectory of
the motion of air masses from the sampling point to the area where possible sources
of bioaerosols are located. However, they take into account neither the possibility
of contributions to the observed bioaerosol concentrations from sources located
in different regions nor the possibility of ‘‘mixing’’ of the calculated backward
trajectories.

The approaches developed in [267–269] for local sources do not have these
disadvantages. They allow the coordinates, type, and characteristics of local sources
to be determined from a small number of measurements and meteorological data.
This task is very difficult for remote sources.

At the same time, approaches allowing the calculation of the probability that an
aerosol particle starting from a certain point on the ground surface will reach the
sampling point have been developed [270–272]. The calculations are performed
with a complex of hemispherical models of transfer in a coordinate system following
the relief of the ground surface. Conjugate problems are solved in a ‘‘reverse’’ time of
30 days. The algorithm was constructed based on the combination of the Lagrange
approach with the Monte Carlo method. The reconstruction of the space–time
structure of the atmospheric circulation uses the NCEP/NCAR Reanalysis data
set (from the US National Centers for Environmental Prediction and the National
Center for Atmospheric Research) with a time step of 30 minutes.

The probabilities that an aerosol particle starting from a certain point on the
ground surface will reach the sampling point are calculated as a result of averaging
the backward trajectories of the motion of air masses that touch the ground surface
within a certain period of time. A feature of the calculated trajectories is that
air masses gathering at the sampling point have different prehistories. While
moving, they have been at different altitudes above different surface areas – often
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Figure 14.11 (a) Adjoint trajectories start-
ing from the sampling point in the vicinity
of Novosibirsk at an altitude of 1.5 km on
31 May 2002. They demonstrate the possi-
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distribution of sensitivity function (relative

units) characterizes the level of contribution
of the sources situated at different points
on the Earth’s surface to the amount of
aerosols collected at sampling points in the
vicinity of Novosibirsk on 31 May 2002 at
altitudes 0.5–5.5 km.

even above different continents and oceans (see Figure 14.11a) – and only on
approaching the sampling point do the trajectories mix and converge to a single
point. Aerosol particles coming into the atmosphere from different sources can get
to the sampling point. As particles in the micrometer size range can be present
in the atmosphere for a rather long time, they can reach the observation point
together with air masses. Moving air masses travel from one altitude to another and
can touch the surface (where, probably, they become rich in bioaerosols), and in
certain places they mix intensively (these places may be different for each backward
trajectory), after which such masses reach the measuring point.

As an example, the total sensitivity function for the functional describing the
measurements carried out at the point with coordinates 54.3◦N and 82.09◦E at
altitudes of approximately 0.5–5 km on 31 May 2002 is given in Figure 14.11b.
It turned out that, at that time point, particles from northwest Kazakhstan were
the most likely to be found. The calculations carried out for other times of
measurements show that, for a greater part of the considered measurements, it is
most probable to detect particles from middle Asia and northwest Kazakhstan in
southwestern Siberia.

However, even such approaches that allow the probability of bioaerosol getting
into the sample to be evaluated do not provide an answer to the question of what
the source of detected bioaerosols was like. Soil, water reservoirs, vegetation, and
animals, as well as various anthropogenic sources, are known to be bioaerosol
sources [12, 13, 182, 188, 266, 273–277]. Taking into account the above estimate
of the mass of bioaerosols present in the atmosphere [8–10], the major bioaerosol
sources by mass have a great power. In principle, each bioaerosol source can be
characterized by a single marker or a set of markers. However, as a sample usually
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contains bioaerosols from different sources, it is necessary to determine different
bioaerosol markers in the sample. The complexity consists in the fact that many
markers (for example, total protein) characterize the classes of compounds or
microorganisms, but are insufficiently specific to characterize bioaerosol sources.

All the aforesaid is confirmed by studies carried out at Lake Baikal [278] to search
for markers allowing aerosol originating from the surface microlayer (SML) of
water to be detected in the lake atmosphere. The search for such a marker was
performed by the elemental composition of atmospheric air samples and the SML
of the water, their molecular composition, as well as by the presence of bacterial
genetic material in the SML of the lake water. The research results demonstrated
a close relation between the atmosphere and the water of the lake; however, it was
impossible to determine unambiguously if the SML of the water was the source of
the observed aerosol or whether atmospheric aerosol from other sources depositing
onto the lake surface created the observed composition of the SML of the water
[278].

On the other hand, even if we manage to detect individual markers for each
bioaerosol source, their inventory in nature will take too much time before it
becomes possible to identify all bioaerosols detected in samples by their sources.
Probably, for remote bioaerosol sources, only identification by type will be possible
in the very near future, and only local bioaerosol sources situated close to the
sampling points or unique, powerful sources – such as fires on swamps near
Moscow, the bioaerosols from which were found in southwestern Siberia (see data
in Figure 14.10 for August 2001) – will be identified by location, emission power,
and so on.

14.3.4
The Use of Snow Cover Samples to Analyze Atmospheric Bioaerosols

Snow cover is a good accumulator of all aerosol pollutants getting into it. These
pollutants can get there in different ways: (i) dry deposition of atmospheric aerosols,
including the deposition of discharge from sources located near sampling points;
and (ii) washout of these pollutants from the atmosphere by snow. In this later case
two variants are also possible: aerosols of pollutants present in the atmosphere near
the source under consideration can be captured by snowflakes, and pollutants can
get into the volume of snowflakes in the place of their formation. Correspondingly,
the task of the study of snow cover pollutants should include two subtasks: the
determination of background pollutants (fresh snow) and those created by local
and remote sources of different discharges.

Snow cover samples were collected in 1999–2006 near powerful city sources of
anthropogenic discharges (the complexes of the Novosibirsk Heat Power Plant)
and suburban sources (Berdsk Chemical Plant (BCP) and Novosibirsk Electrode
Plant). Besides, fresh snow samples were collected at site A. For the sources studied
for several years, the sampling route was the same. Among the above sources, only
BCP, which produced protein–vitamin concentrate, was a source of bioaerosols.
A dependence of the total protein concentration on the distance from the source
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Figure 14.12 Experimental and calculated data of protein
concentration in snow cover in the winter of 1999–2000
depending on the distance from the chimney of the BCP.
Reference points used to evaluate the regression function
are marked on the calculation curve.

was revealed for it, as shown in Figure 14.12. This figure also presents the curve
approximating the experimental data using selected reference points [279] for the
estimates given below. The values of total protein discharge made up from 16.2 to
26.4 kg/year in 2000–2002.

The dependence of the total protein concentration in snow cover on the distance
from the source was also revealed for sources that are not sources of bioaerosols
[280, 281]. Such a situation can be realized in the case when falling coarse particles
from the studied source wash out rather small particles present in the atmosphere
and containing the total protein through coagulation [282] (it was noted above
that the largest mass proportion of total protein is in particles of submicrometer
size). But in this case, no expressed dependence of the concentration of culturable
microorganisms in snow cover on the distance from the source should be observed
as microorganisms are concentrated mainly in 2–7 µm particles [176, 247], which
less actively coagulate with coarse particles [282] from anthropogenic sources. The
results of the studies carried out [280, 281] confirm the hypothesis advanced and
do not allow a dependence of the concentration of culturable microorganisms in
snow cover on the distance from the source to be revealed.

In snow cover samples collected in the vicinity of the studied anthropogenic
sources, a wide variety of viable microorganisms was observed even for neighboring
points. It is natural to expect such a situation, as snow accumulating the particles
getting into it and preserving them during the whole winter performs a natural time
integration of the existing changes in the variety of microorganisms present in the
atmosphere. It should also be noted that the obtained data on the concentration and
type of microorganisms in snow cover samples agree with those for other regions
[283–286]. The variety of culturable microorganisms detected in snow cover
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Table 14.4 The observed variety (percentage) of viable
microorganisms in snow cover samples in the lower atmo-
spheric layers in the winter period in southwestern Siberia.

Winters Rods Cocci Nonsporiferous Actinomyces Fungi Yeasts
bacteria

2000–2001 Atmosphere 40.28 26.26 13.95 16.31 2.03 1.18
Snow cover 2.93 8.51 79.32 0.03 9.20 0

2001–2002 Atmosphere 29.81 32.97 36.87 0.07 0.28 0
Snow cover 7.28 25.75 66.61 0.08 0.21 0.07

2002–2003 Atmosphere 7.00 72.23 20.23 0 0.40 0.13
Snow cover 3.92 4.03 91.87 0 0.11 0.07

2003–2004 Atmosphere 19.65 44.95 32.30 1.62 1.48 0
Snow cover 0.60 10.09 88.85 0.26 0.11 0.09

2004–2005 Atmosphere 2.39 68.11 25.70 0 1.78 2.02
Snow cover 0.11 12.80 86.68 0 0.15 0.26

generally retraces that observed during the winter period in the lower atmospheric
layers in our region (Table 14.4). Certainly, there is no full coincidence. In particular,
snow samples contain significantly larger numbers of fungi and non-sporiferous
bacteria while atmospheric air contains greater numbers of different cocci. This
non-coincidence may be caused, first, by insufficient number of samples (aircraft
probing was performed once a month during four winter months, and snow was
studied only on three sites in the suburbs and two in the city), and second, the
contribution of local microorganism sources to the analyzed snow samples. The
data accumulated up to now are insufficient for more reliable conclusions.

Snow cover pollutants, which were evaluated in [280, 281], do not allow a reliable
evaluation of discharge from the studied anthropogenic sources to be performed,
as the ‘‘background’’ values of pollutants in snow cover are not known. That
is why the study of pollutants brought into the snow cover by fresh snow was
carried out. The results of measurements for four studied episodes described
in [287] show that fresh snow contains a significantly lower concentration of
microorganisms than snow cover samples collected at the end of the winter:
one gram of fresh snow contains from 0.9 to 1.8 log10CFU while ‘‘old’’ snow
contains 2.1–4.8 log10CFU in different years near different sources [246, 280,
281]. The total protein concentration in 1 g of fresh snow was from 0.7 to 3.4 µg,
which correlates with the results obtained previously (0.4–5.25 µg/g) [246, 280,
281]. The study of the morphology of cells and colonies of microorganisms
detected in fresh snow samples revealed the prevalence of non-sporiferous bacteria
[287]. It should be noted that, according to the data obtained during previous
years, non-sporiferous bacteria also prevail in snow cover [246, 280, 281], while
atmospheric aerosol contains large numbers of cocci and rods. Probably, the wider
number of non-sporiferous bacteria in snow cover is observed not only due to
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their getting into fresh snow but also due to dry deposition of atmospheric aerosol
containing microorganisms.

Microorganisms found in fresh snow were tested for the presence of plasmo-
coagulation, fibrinolytic, hemolytic, and gelatinase activities. All these activities
characterize the potential pathogenicity of microorganisms as the latter reflect the
ability to reproduce in blood and other human tissues. It has been discovered that
13–62% of the studied microorganisms possess at least one of the four activities.
Most of these microorganisms refer to non-sporiferous bacteria and rods; cocci
detected in fresh snow samples rarely possess such activities.

The ability of microorganisms to grow at different temperatures and in media
with high NaCl concentration reflects the possibility of their long-term survival
in the atmosphere. A large number of microorganisms were shown to preserve
growth properties at high temperatures and high NaCl concentrations. With the
growth of NaCl concentration and temperature, their number, naturally, decreases
[287]. The obtained results indicate that fresh snow contains many microorganisms
that are stable in different environments. It should be noted that they include not
only bacteria of the genus Bacillus (which can form endospores and, therefore, are
rather stable), but also some strains of cocci, non-sporiferous bacteria, and so on.

It was shown that the parameters of ionic composition differed both between
samples [287] and from those published for measurements at another observation
point [288]. Differences for each observation point can be associated with the
variability of the meteorological situation, and differences in the values determined
for different observation points can be associated with their local environment and
the proximity to Novosibirsk city. The total concentration of water-soluble salts
in the tested samples, which can be evaluated by the electroconductivity value,
proved to be higher for two of four episodes. Probably, the most effective washout
of ions by snowflakes was realized in these episodes. All samples were shown
to contain a small proportion of ammonium and a high proportion of calcium
and magnesium cations [287]. The source of the former in snow may be fine
aerosol particles and to a smaller extent ammonia gas; and the source of the latter,
having no volatile precursors, may be coarsely dispersed aerosol articles, including
biogenic compounds and microorganisms.

The concentrations of some elements found in fresh snow were compared. As
expected, they proved to be significantly lower than those for snow cover samples
in the area affected by an anthropogenic source (Novosibirsk Heat Station 4)
[287]. High concentrations of aluminum, silicon, calcium, and magnesium were
detected in fresh snow in episode 1. The combination of these elements is typical
for aluminosilicates, and therefore their presence in snowfall can be explained by
the effects of erosive sources. For episodes 2–4, no abnormalities of the elemental
composition were revealed. The high aluminum concentration in fresh snow of
episode 1 can be explained by the fact that the air masses from which the snow
fell turned out to be located within an area affected by an industrial enterprise
or a gas flare situated near the trajectory of motion of these air masses. Besides,
as mentioned above, aluminum is the main component of the row of minerals
making up part of the soil; therefore, its getting into the sample can also have
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an absolutely random character. In fact, the simulation of the 10-day backward
trajectories of the motion of the air masses that brought the snow showed
that such cities as Pavlodar, Ekibastuz, Omsk, and further Nizhnevartovsk and
Surgut, were on their path and could have contributed to the observed pollution.
For episodes 2–4, for which no abnormalities of the elemental composition
were revealed, the backward trajectories of the motion of the air masses were
distant from any powerful sources of aerosol atmospheric pollutants that were
working in the period when the air masses were passing. The simulation of
the 10-day backward trajectories of the motion of the air masses was performed
using the program HYSPLIT-4 (see above), for the conditions described above
at the sampling point with coordinates 54.94◦N and 83.23◦E at an altitude of
500 m.

The differences in the numbers of viable microorganisms in the fresh snow
samples in the studied episodes can most probably be explained by the particular
features of the actual trajectories of motion of the air masses from which the snow
fell. However, the currently available data are insufficient to reveal the relation
between the numbers of microorganisms in fresh snow samples and the trajectory
of motion of the air masses from which it has fallen.

The studies of fresh snow demonstrate that samples differ significantly in the
concentrations of biological and chemical pollutants from snow cover samples
collected at the end of winter. Having studied all the important snowfall episodes
in the period of snow cover formation, one can determine the pollutants that get
into the snow cover with deposited atmospheric aerosol by subtracting from the
observed concentrations of snow cover pollutants those values referring to fresh
snow. These values can be compared with the chemical and biological composition
of atmospheric aerosol integrated over the whole winter period of observations in
the same region. The presented results demonstrate the importance of such studies
for understanding the processes of local and global transport of bioaerosols in the
atmosphere and revealing all possible sources and flows of these aerosols.

14.3.5
Potential Danger of Atmospheric Bioaerosols for Humans and Animals

Microorganisms in atmospheric aerosol represent a potential danger for humans,
causing or provoking infectious diseases, allergic reactions, and worsening the
state of health. For pollen and fungi, it is known which bioaerosols cause
allergic reactions [1, 149, 168, 169, 174, 181, 212, 217]. Therefore, the detec-
tion of particles containing them in the atmosphere provides information on the
danger of such bioaerosols for humans. However, there is no currently avail-
able quantitative method allowing the comparison of the potential danger for
humans represented by culturable bacteria detected in different atmospheric air
samples.

It is proposed to use four groups of tests for quantitative evaluation of the potential
dangers represented by all culturable microorganisms detected in atmospheric
aerosols [81]. (i) Microorganisms in atmospheric aerosols must be pathogenic or
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conventionally pathogenic for humans in order to pose a health risk. Therefore,
the first group of tests should characterize the potential danger represented
by bacteria to humans. (ii) Bioaerosols are more dangerous when they have
a higher concentration of viable microorganisms and, therefore, have a larger
portion of microorganisms that are pathogenic or conventionally pathogenic for
humans. Consequently, the second group of tests should evaluate the number of
various culturable microorganisms in an atmospheric air sample. (iii) The danger
hazardous bioaerosol represented by a certain microorganism increases in the case
where it displays increased resistance to unfavorable environmental factors causing
inactivation of the microorganism. Consequently, the third group of tests should
evaluate their resistance to unfavorable environmental factors. (iv) If potentially
pathogenic microorganisms that are not inactivated in the environment affect
humans, then those displaying drug resistance are the most dangerous. The results
obtained in each of the four groups of tests can be numerically characterized by a
certain integral index quantitatively reflecting the contribution of the experimentally
determined characteristics of bacteria.

The analysis of the literature [81] shows that the most important indirect
characteristics of bacteria determining their pathogenicity are as follows: plasmo-
coagulation activity (significance index of the characteristic is estimated at 7, see
below), the presence of capsules in the bacterium and hemolytic activity (signifi-
cance index estimated at 5), the presence of endonucleases in the microorganism
(significance index estimated at 4), the presence of lecithinase, fibrinolytic, and
lipase activities in the microorganism (the significance index for all of these is
estimated at 3), and the presence of gelatinase activity (significance index estimated
at 2). In addition, there exist a number of microorganism characteristics that also
influence the potential pathogenicity of defined strains, but to a smaller extent.
These include the presence of proteolytic activity with respect to other substrates
(significance index estimated at 1), the presence of pigment in cells (significance
index estimated at 0.5), and the presence of amylolytic activity and mobility of
bacteria on the growth medium (the significance index for all of them is estimated
at 0.1). All these characteristics can be determined quantitatively or qualitatively
in experiments according to the methods described above and, generally speaking,
are unique for each microorganism genus, species or strain. At the same time, with
some assumptions, it is possible to construct a unified integral index of potential
pathogenicity, which can be used for all bacteria detected in the samples. In this
case, the value of the potential pathogenicity of a sample will be determined as the
average for all the bacteria detected in the sample.

The value of the integral index of potential pathogenicity was calculated as
the sum of the characteristics present in a microorganism multiplied by the
significance coefficients (it was considered that, if the characteristic was present,
its index equaled 1, if not, the index equaled 0) divided by the maximum possible
value of this sum. In other words, the most dangerous bacteria have a value of the
integral index of potential pathogenicity that equals 1, and microorganisms that do
not represent a danger have a value that equals 0. Other integral indices (except
for the second one, which was standardized by the maximal value of culturable
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microorganism concentration detected in atmospheric air samples during the year
of measurement) were calculated and standardized in a similar way.

The methods to determine the concentrations and types of different bacteria in
air samples are presented above. The degrees of increased resistance of bacteria
to unfavorable environmental factors as well as the manifestation of pathogenicity
were determined by performing an expert evaluation of the significance of a certain
bacterial characteristic influencing bacterial resistance to environmental factors
and evaluated on the basis of a literature data analysis [81].

This index provides a certain generalized characteristic of bacterial resistance.
It is obvious that, like other integral indices, it does not reflect all the nuances
of bacterial resistance in the environment. As a literature analysis shows, the
detailed characteristics of bacterial resistance to unfavorable environmental effects
such as temperature, relative humidity, freezing–thawing, irradiation at different
wavelengths, mechanical injuries, sampling-related stresses, and so on, have only
been determined for a few strains from the total number of currently known
microorganisms – according to the data presented in [289], it has been estimated
that not more than 10% of bacteria existing on the Earth are known to scientists.
Data on bacterial resistance to unfavorable environmental effects can undoubtedly
be used for more precise definition of the integral index of bacterial resistance, but
only in cases where it has been possible to determine the presence of a definite
strain in an atmospheric air sample and to prove its viability.

The most significant characteristics determining the resistance of bacteria to
unfavorable environmental factors are the presence of restriction endonucleases
and plasmid DNAs as well as the ability to form quiescent forms, in particular,
endospores allowing a species to survive under unfavorable environmental condi-
tions (the significance index for all of these is estimated at 2). The ability to grow at
increased NaCl concentrations (significance index estimated at 1) and the presence
of pigmentation of cells (significance index estimated at 0.5) are less significant for
survival.

The evaluation of drug resistance only included the study of bacterial resistance
to the effect of 15 antibiotics used in medicine. All the antibiotics were considered
to have equal significance.

The work [81] presents annual variations of different indices measured for all
culturable bacteria detected in atmospheric air samples collected at altitudes of
500–7000 m. It was shown that each individual characteristic of bacteria varies
during the year rather randomly, and it does not seem possible to draw any
conclusions on regularities of variations in each of these values. The situation
differs considerably when we turn from individual characteristics of bacteria to
integral indices constructed on their basis. For example, the value of the second
integral index varies during the year by approximately an order of magnitude.

In contrast to the second integral index, the dependences for three other integral
indices do not show such a sharp change. For example, the value of the integral
index of potential pathogenicity during two years of observation changes smoothly
from about 0.15 to about 0.3. Thus, the atmosphere contains twice as many bacteria
that are harmful for human health in the ‘‘most dangerous periods’’ than in the
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Figure 14.13 Biannual dynamics of the variation in the
integral index of danger of viable bacteria detected at three
points of atmospheric air sampling. Normalization to unity
was performed separately for each year. This index was not
performed for altitude samples in July 2007 and April 2008.

‘‘least dangerous periods.’’ A similar situation was observed for the integral index
of bacterial resistance to environmental factors, which also varied smoothly during
the observation period and made up approximately 0.25 from June to September
2006, sharply increased approximately to 0.4–0.5 from October 2006 to June 2007,
and smoothly varied further in the range of 0.3.

Superposition (multiplication) of all four integral indices for each sampling
allows us to evaluate the danger represented by viable bacteria that are present
in atmospheric aerosol of the region at the moment of sampling, and to trace its
variation during the year (Figure 14.13).

To compare the integral index of potential pathogenicity of bacteria for humans
formulated in [81] with the existing approaches to risk evaluation, it should be
interpreted proceeding from a simple dose–response dependence for the ‘‘dose
of the active factor’’ and the ‘‘reaction of the organism.’’ The value of the integral
index of potential bacterial pathogenicity for humans is an analog of the probability
that the organism’s reaction can be caused by a single microorganism – the p value
in the formula

p = 1 − exp(−pD) (14.1)

where p is the probability of causing a reaction in the organism, and D is the active
factor dose. This formula describes the dependence of the active factor dose on
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the organism reaction on the basis that all the microorganisms getting into the
organism act independently and with equal probability p can cause a corresponding
reaction in it [81, 290]. The higher the p value or the value of the integral index of
potential bacterial pathogenicity for humans, the greater the probability of causing
the organism reaction and, correspondingly, the higher the potential bacterial
pathogenicity. For the proposed index, its values calculated based on experimental
data vary from 0 to 0.68. In each of the studied air samples, the maximal value
of this index for individual bacteria exceeds the value 0.36, and in 50% of cases it
exceeds the value 0.48. In other words, along with potentially quite non-pathogenic
bacteria, whose integral index of potential pathogenicity strictly equals 0 (note that
a sample on average contains approximately only 2.5% of such bacteria), there
are bacteria of potentially medium pathogenicity. Thus, practically all the bacteria
detected in atmospheric air samples are to some extent potentially pathogenic
for humans. No known highly pathogenic bacteria were detected in the studied
atmospheric air samples.

The proposed procedure of expert evaluation does not attempt to be definitive.
It is possible that not all significant indices have been included in the above
groups of tests. In addition, the performed expert evaluation of the significance of
various bacterial characteristics may not be very accurate. However, the proposed
method allows one to compare the potential dangers represented to humans by
all bacteria (including unculturable ones) detected in an atmospheric air sample
with other samples, containing significantly different concentrations and types of
bacteria.

Thus, the work [81] proposes an approach to the evaluation of danger represented
by viable bacteria in an atmospheric aerosol for the region’s population. The results
obtained by the realization of this approach for the first time allow the evaluation of
the dangers represented by atmospheric microorganisms for humans. At the same
time, since the observations have only been performed for two years, it has not
been possible to reveal the annual recurrence and inter-year differences between
these indices. In addition, the dependences obtained are not statistically significant.
Only the continuation of the work will facilitate the reliable determination of the
dynamics of the values studied and their use for reasonable prediction of variations
in the dangers represented by viable bacteria in atmospheric aerosols for the
region’s population.

14.4
Conclusion

The review of the methods and equipment used for atmospheric bioaerosol
research presented in this chapter as well as the results of 10-year studies in
southwestern Siberia using some of them allow us to formulate some conclusions
and prospects of atmospheric bioaerosol research and the development of methods
and equipment used.
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First of all, it should be noted that, in spite of the considerable progress achieved
in the development of methods for atmospheric bioaerosol sampling and analysis,
this task still remains ongoing. Since bioaerosols are influenced by different
factors (time, temperature, humidity, the presence of different compounds in the
atmosphere, and so on), it is necessary to perform their real-time complete analysis
in situ. However, the necessary equipment is not yet available. That is why the first
task is to develop new methods and equipment for the analysis of atmospheric
bioaerosols. As atmospheric bioaerosols present a mixture of bioaerosols from
different sources, methods allowing the study of the composition of individual
particles are required. Such techniques can be based, for example, on the latest
developments of mass spectrometric methods for individual particles, but it is
necessary to extend the size range of particles tested (now it makes up 3 µm by
aerodynamic diameter, and many microorganisms and especially their aggregates
are 10 µm and even larger) and to extend the range of detected masses to more
than 9000 Da.

The next task is to study the processes of formation and transformation of
bioaerosols under the influence of the above factors under laboratory and field
conditions. These works will provide a better understanding of the processes
occurring in bioaerosols and will allow the construction of prediction models of
complex processes, which should be taken into account in models of bioaerosol
transfer in the atmosphere.

Data on atmospheric bioaerosols accumulated up to now give information on
the space–time variation of their concentrations and components. However, these
data were obtained at the regional scale, and global observation of bioaerosols is
currently not performed. Therefore, the next task is to organize global observation
of bioaerosols to reveal their space–time variation and methods of transfer, and to
determine their most powerful sources, in order to construct prediction models at
the planetary level.

The construction of these models and the study of the processes occurring in
bioaerosols under the influence of different factors require detailed information
on all the bioaerosols observed in each region. That is why the tasks of ob-
taining a more detailed inventory of bioaerosol sources in various regions, their
characterization in terms of emission power and its variation with time, and the
component composition of initial particles and its dependence on aerosolization
conditions (season, time of the day, atmospheric conditions, and so on) have
become urgent.

The last task is mathematical modeling of bioaerosol spread from sources to
receptors, taking into account their stochastic mixing and transformation in the
atmosphere, and possible ascent to high altitudes.

Thus, in spite of the more than 100-year history of atmospheric bioaerosol
research, it is necessary to conclude that humankind is only at the beginning
of this research. Only the main tasks of atmospheric bioaerosol research have
been formulated, and only the first – but nevertheless very significant – results
have been obtained. Great efforts should be made over the coming years and
decades.
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Index

a
aerodynamic particle counters 215
aerodynamic resistance 275
aerosol–aerogel transition 18
aerosol back-scattering coefficient 355
aerosol-unsupported chemical vapor

deposition methods 70–74
– ferrocene-based method 71–73
– HiPco (high pressure CO) process 70
– hot-wire generator (HWG) method

73–74
aerostatic impactors 371
aerostatic photoelectric counter 371
aggressive aerosols filtration 278
airborne particle counters and sizers

215–225
– development 216–222
– – calibration curves 216–217
– optical scheme of 219
– principle of 217
aircraft contrail formation 130
Aitken particles 346
amylolytic activity 419
analytical aerosol filters (AFAs) 280
Andersen six-stage impactor 386
anthropogenic aerosols 127
antibiotic resistance 420
Aranovich equation/isotherms 141, 148
arctic aerosols 361
– chemical content of 362
asymptotic distributions in coagulating

systems 23–25
atmospheric aerosols, 345–376, see also marine

aerosols; soil aerosols; volcanic aerosols
– Aitken particles 346
– dimensional structure of 363–370
– Junge particles 346
– in stratosphere 371–376

– temporal structure of 363–370
– in troposphere 363–370
atmospheric bioaerosols 407–447
– analyzing methods 411
– – atomic force microscopy 411
– – light microscopy 411
– components 408
– – total protein 408
– – viable microorganisms 408
– composition of 421–432
– danger for humans and animals 442–446
– Fourier analysis 431
– microorganisms characterization 416–421
– – alkaline phosphatase 419
– – amylolytic activity 419
– – antibiotic resistance 420
– – atomic absorption spectroscopy 414–415
– – atomic emission spectroscopy 414–415
– – chromatographic methods 416
– – cytometry 413, 416
– – endonuclease activity 419
– – enzymatic activity determination 419
– – fluorescent spectroscopy 413
– – fluorimetric method 415
– – gelatinase activity 418
– – hemolytic activity 418
– – high-performance liquid chromatography

415
– – immunochemical methods 414
– – lipolytic activity 419
– – luminescent spectroscopy 413
– – mass spectroscopic methods 414
– – oscillatory spectroscopy 413
– research methods 408–421
– sampling methods 409–411
– – bioaerosol sampling 409
– – isokinetic sampling 410
– – retention efficiency 410
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atmospheric bioaerosols (contd.)
– – terrestrial samples 411
– snow cover samples use 438–442
– sources of 436–438
– spatial variation of concentrations

432–435
– time variation of concentrations 421–432
– transfer in atmosphere 436–438
– wavelet analysis 430
atmospheric fractal aggregates 14–15
atmospheric fractals, life of 20–21
atomic absorption spectroscopy 415
atomic emission spectroscopy 415
atomistic calculations 77
autocorrelation function 212
aviation-produced soot aerosols 130

b
Becker–Döring nucleation theory 52
Bhatnagar–Gross–Krook (BGK) equation

96, 292
biogenic small gas compounds and aerosols

360–363
biological aerosols 379–397
– airborne microorganisms 380
– analysis 391–393
– bacterial illnesses 380
– biological particles, sources of 383–384
– collection 384–391
– culture-based analysis 391
– definitions 381–383
– on fibers coated by disinfectant 326–327
– filtration 386
– history of bioaerosol research 379–381
– human exposure limits 385
– impaction 386
– impingement 386
– indoor air contamination 393–397
– – air purification 393–396
– light microscopy 391
– monitoring 337–340
– non-viable bioaerosol particles 381
– optical microscopic enumeration 391
– real-time measurement of 393
– respiratory protection 396–397
– sampling 384–391, 409
– types 381–383
black carbon aerosols 127–132
– aircraft-emitted soot impact 130–131
– aviation-produced soot aerosols 130
– climate effects 127–132
– emissions 127–132
– heterogeneous ice nucleation 132
– ice-nucleating aerosols 129

– kerosene flame soot 134
– lifetime effect 129
– physico-chemical properties of 132–140
– – elemental analysis 137
– – general characteristics 133–137
– – interaction with water 137–140
– – microstructure 135–136
– soot from 134
– – chemical composition 137
– water uptake by 140–151
Blinova index 370
Boltzmann equation 91
Boudouard reaction 71
bound states of particles 112
boundary-layer approximation 286
Brinkman equations 299
Brownian motion 212
Brunauer–Emmett–Teller (BET) theory 141
bursts, nucleation 114–115
– in atmosphere 119–120
‘Bypass’ system, radioactive aerosols release

control through 192–195

c
carbon bond mechanism–Zaveri (CBM-Z)

361
carbon nanobuds 76
carbon nanotubes (CNTs), synthesis, 65–67,

see also single-walled carbon nanotubes
– aerosolized catalysts 69
– CoMoCat method 69
– history 68–69
– perspectives of 68–69
carbonaceous aerosols in atmosphere,

127–153, see also combustion-derived
carbonaceous aerosols

3,4-carboxybenzoyl
quinoline-2-carboxyaldehyde (CBQCA)
415

cascade impactor 386
Casimir–van der Waals attractive forces 301
cell model approach 287–289
charging efficiency 8
charging in high-temperature aerosol systems

57–59
chemical vapor synthesis (CVS) 45
Chernobyl nuclear power plant (ChNPP) case

study, 159–197, see also environmental
aerosols; radioactive aerosols

– aerosols inside vicinity of ‘shelter’ building
185–197

– – 220Rn 195–197
– – 222Rn 195–197
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– – clearance of turbine island of fourth
power generating unit 188–189

– – control 185
– – control of discharge from ‘shelter’

185–186
– – dust control system 192
– – fires in ‘Shelter’ 191–192
– – release control through ‘Bypass’ system

192–195
– – strengthening of seats of beams

on roof of ‘shelter’ 189–191
– – well-boring activities 186–188
– dispersity of aerosol carriers 183–185
– fuel assemblies (FAs) 159
– fuel element cans (FECs) 159
– radioactive aerosols, observation

in territory around 171–183
– – 241Am 177
– – 7Be 180, 184
– – 137Cs in 177, 180, 184
– – 137Cs/90Sr ratio 182
– – administrative and communal building

(ACB-2) 172
– radioactive aerosols 168–171
– release of radioactive aerosols from

164–166
chromatographic methods 416
cloud condensation nuclei (CCN) 128
cloud reflectance 129
coagulation 21–33
– asymptotic distributions in 23–25
– coagulation efficiency 12
– fractal aggregates growth by 17–18
– gelation in 26–33
– nucleation-controlled growth by 117–119
– truncated models 32
combustion-derived carbonaceous aerosols,

127–153, see also black carbon aerosols
CoMoCat method 69
complex refractive index measurement

227–229
composite fibers 298–302
concentration field 1
concept of quantification 143–144
condensation 92–94
– approaches 97
– condensation efficiency 92
– condensation particle counters (CPCs)

214, 247
– continuum transport 93
– fractal aggregates growth by 16–17
– free-molecule transport 93–94
– nucleation-controlled 115–117
– rate of 110–111

– in transition regime 94–97
– – approximations 96–97
– – Fuchs approximation 96
– – Fuchs–Sutugin approximation 96
– – Lushnikov–Kulmala approximation

96–97
condensation in high-temperature aerosol

systems 55
condition numbers concept 242
continuum transport 93
conventional impingers 388
cooperative multi-molecular sorption (CMMS)

142
correlation coefficient 366
correlation function 14
cosmosol 1
Coulomb number 3–4
creeping flow 284
cytometry 413

d
Darcy equation 301
density characterization 225–227
density functional theory 77
dielectric permeability 11
diesel soot 133
diethylhexyl sebacate (DEHS) 228, 325
differential measurements 245–246
differential mobility analysis (DMA)

technology 74, 242, 246–252
diffusion aerosol spectrometry 252–268
– bimodal distributions 261–264
– – mathematical approach to 264–266
– integral equation transformation into

nonlinear algebraic form 257–259
– particle size distribution 254–256
– penetration curves, fitting 256–257
– PSD reconstruction 259–261
– solution regularization method 266–268
diffusion battery 308
diffusion charging of aerosol particles 7–11
– charging efficiency 8
– Einstein relation 8
– flux matching approximately 9
– flux matching exactly 8–9
– neutral particle charging 9–10
– recombination 10–11
diffusion flux 93
diffusion in gas phase 101–103
diffusion mobility 253
diffusional transport 99
diffusivity 6–7
dimensional structure of atmospheric

aerosols 363–370
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dissolved organic carbon (DOC) 350
drag force 6–7
dual wavelength optical particle

spectrometer (DWOPS) 216, 228–229
dust control system 192
dynamic light scattering 212

e
Einstein–Millikan–Cunningham formula

303
Einstein relation 8
Einstein–Smoluchowski formula 7
elastic scattering 208
electrical charge characterization 225–227
electrospinning 276
electrostatic precipitation 390–391
enrichment coefficient 366
environmental aerosols 164–185
– radioactive clouds transport in Northern

Hemisphere 166–168
enzymatic activity determination 419
enzyme-linked immunoassay (ELISA)

392, 416
equilibrium film 318
equivalent aerodynamic diameter 346
evaporation 45, 97–99

f
fan model filter 302
ferrocene-based method 71–73
fibrous filters, 275–281, see also

nanoparticles deposition in model
fibrous filters; Petryanov
filter materials

filter packing density 284
filtration 276, see also

Petryanov filter materials
– biological aerosols 386
– – electrostatic precipitation 390–391
– – filter collection 389–390
– – gravitational settling 390
flame processes 47–48
Flory–Stockmeyer model 35
fluctuation-controlled nucleation

113–114
fluid–fluid cooperative effect 141
fluorescent spectroscopy 413
fluorimetric method 415
flux matching
– approximately 9
– theory 95–96
– exactly 8–9
fluxes 104–108
– no chemical interaction 104–105

– second-order kinetics 106–108
forest fires 15
Fourier analysis 431
fractal aggregates 11–21
– aerosol–aerogel transition 18
– coagulation efficiency 12
– coagulation 17–18
– condensation 16–17
– optics of fractals 18–19
– scaling-invariant aggregates 12
fractals 15
– anthropogenic sources of 15
– – gas–oil fires 15
– – industrial exhausts 15
– – transport exhausts 15
– fractal aggregates 16–18
– phenomenology 13–15
– – atmospheric FA 14–15
– – correlation function 14
– – dimension 13–14
– – voids, distribution 14
– sources of 15
– – forest fires 15
– – intra-atmospheric chemical processes

15
– – thunderstorms 15
– – volcanos 15
Fredholm equation 266
free-molecule transport 93–94
Fuchs approximation 96
Fuchs–Sutugin approximation 96
fuel-containing materials (FCMs) 160
fungal spore source strength tester

(FSSST) 383

g
gamma distribution 5–6
gas dynamically induced particle formation

50
gas-phase processes 46
gelatinase activity 418
gelation
– in coagulating systems 26–33
– laser-induced 34–36
gravitational settling 390
greenhouse effect 128
gyration radius 13

h
Halsey–Hill equation 142
handheld particle counters 233
haze 346
heating, ventilation, and air-conditioning

(HVAC) systems 383
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hemolytic activity 418
Henry’s constant 103
Henry’s law 141, 142
heterogeneous ice nucleation 132
heterogeneous reactions 359–360
high-performance liquid chromatography

415
high-temperature aerosol systems 45–61
– advantage of 46
– basic dynamic processes in 50–59
– charging 57–59
– coagulation/aggregation 52–55
– flame processes 47–48
– – surface reactions 47
– gas dynamically induced particle

formation 50
– gas-phase processes 46
– hot-wall processes 49
– laser-induced processes 50
– main processes 45–50
– nucleation 52
– particle tailoring in 59–61
– plasma processes 49–50
– sintering 55–56
– surface growth due to condensation 55
HiPco (high pressure CO) process 70
hot-wall processes 49
hot-wire generator (HWG) method 73–74
hydrodynamic radius 212
hydrophilic soot 148–151
hydrophobic soot 146–148
hygroscopic soot 151
hygroscopicity 131

i
ice-nucleating aerosols 129
immunochemical methods 414
impaction 386–388
– cascade impactor 386
– slit sampler 386
– impingement 386
– collection into liquid 388–389
– – conventional impingers 388
– – liquid impingement 388
integral index of bacterial resistance 444
integral index of potential pathogenicity

443
integral measurements 245–246
integrating nephelometers 213
inverse problem and aerosol

measurements, 241–269, see also
diffusion aerosol spectrometry

– condition numbers concept 242
– differential measurements 245–246

– integral measurements 245–246
– particle size distribution representation

243–245
ionizing radiation 161
ion–particle recombination efficiency 11
isokinetic sampling 410

j
Junge particles 346
Junge’s layer 371

k
Kelvin activation 138
Kelvin equation 80
kerosene flame soot 134
kinematic viscosity 2
kinetically controlled nucleation 111–113
Knudsen layer 301
Knudsen number 3
Köhler theory 138
Kronecker delta 51

l
Lamb flow 284
Langevin formula 10
Langmuir model 140–141
Laplace equation 335
laser ablation 45
laser diffraction method 213
laser-induced aerosols 33–36
– gelation 34–36
– nucleation plus condensational growth 34
– plasma cloud formation 33–34
– laser-induced high-temperature aerosol

processes 50
– lava-like fuel-containing materials (LFCMs)

160
– ‘Lepestok’ respirator 279–280
– light detection and ranging (LIDAR) 213,

355
– light scattering photometers 213
light scattering theories 208–213
lipolytic activity 419
liquid aerosol filtration 316–340
liquid-borne particle counters and sizers

215–225
– development 222–225
– – optical scheme of 223
liquid-coated filters, liquid and solid aerosols

on 315–340
– porous medium submerged into a liquid

330–340
– – NMR for 333–335
– – theoretical approach 330–337
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liquid-coated filters, liquid and solid aerosols
on (contd.)

– viable bioaerosol monitoring 337–340
– wettable filtration materials, 316–327,

see also individual entry
liquid impingement 388
log-normal distribution 4–5
luminescent spectroscopy 413
Lushnikov–Kulmala approximation

96–97

m
marine aerosols 351–354
mass spectroscopic methods 414
matrix sweep method 288
Melaleuca alternifolia (tea tree) oil 326
metal-working fluids (MWFs) 383
micrometer particle measurements

205–234, see also optical methods
microorganisms in atmospheric

bioaerosols characterization 416–421
Mie number 3
Mie scattering theory 207
Millikan equation 78
molecular diffusivity 3
molecular light scattering 207
Morlet wavelet 430
multi-particle counters 233
multi-particle optical instruments

213–214
mycotoxins 392

n
nanoparticles deposition in model fibrous

filters 283–311
– collection efficiency 284
– on composite fibers 298–302
– on fibers with non-circular cross-section

294–298
– filter packing density 284
– geometric parameters 283
– Lamb flow 284
– on porous fibers 298–302
– on screens with square mesh 304–305
– Stokes flow (creeping flow) 284
– stream function 284
– in three-dimensional model filters

302–304
– through wire screen diffusion batteries

302–309
– two-dimensional 287–302
– – fiber collection efficiency at high Peclet

number 287–289

– – matrix sweep method (Thomas algorithm)
288

– upon ultra-fine fibers 292–294
neutral particle charging 9–10
non-circular cross-section 294–298
non hydrophilic soot 148–151
non-negatively constrained least squares

(NNLS) 212
non-wettable filtration materials 327–330
– practical aspects 330
– theoretical aspects 327–330
nucleation 108–114, 407
– bound states of particles 112
– fluctuation-controlled 113–114
– high-temperature aerosol system 52
– kinetically controlled 111–113
– rate of 110–111
– spontaneous nucleation 91
– Szilard–Farkas scheme 109–110
– thermodynamically controlled 111
nucleation-controlled processes 114–120
– bursts 114–115
– – in atmosphere 119–120
– condensation 115–117
– nucleation-controlled growth by coagulation

117–119
– particle mass spectrum 116

o
on-line monitoring of CNT synthesis 74–75
optical methods 205–234
– commercially available instruments

229–233
– complex refractive index measurement,

aerosol analyzers for 227–229
– density characterization

225–227
– electrical charge characterization 225–227
– handheld particle counters 233
– for micrometer and submicrometer particle

measurements 205–234
– – angular distribution of scattered intensity

211
– – autocorrelation function 212
– – dynamic light scattering 212
– – elastic scattering 208
– – hydrodynamic radius 212
– – intensity distribution of scattered light

211
– – Mie scattering theory 207
– – molecular light scattering 207
– – non-negatively constrained least squares

(NNLS) 212
– – photon correlation 212
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– – shape factor 207
– – Stokes–Einstein equation 212
– multi-particle counters 233
– optical instruments 213–215
– – integrating nephelometers 213
– – laser diffraction method 213
– – light detection and ranging (LIDAR)

213
– – light scattering photometers 213
– – multi-particle instruments 213–214
– – single-particle instruments 214–215
– portable particle counters 230
– remote particle counters 230–232
optical particle counters (OPCs) 214
optics of fractals 18–19
oscillatory spectroscopy 413
ozone generation 394

p
Palas soots 144, 147
particle measurements, 205–234, see also

optical methods
particle removal efficiency 276
particle size distributions 4–6
– representation 243–245
particle tailoring in high-temperature

processes 59–61
particulate inorganic carbon (PIC) 350
particulate matter 45
particulate organic carbon (POC) 350
Peclet number 3, 287–289
penetration curves, fitting 256–257
Petryanov filter materials for aerosol

entrapment 163, 275–281
– aggressive aerosols filtration 278
– analytical aerosol filters (AFAs) 280
– α-coefficient 277
– filter efficiency 276
– ‘Lepestok’ respirator 279–280
– uses 279
phase transitions 345
phenomenology 2–6
– basic dimensionless criteria 2–4
– log-normal distribution 4–5
– particle size distributions 4–6
– gamma distribution 5–6
photochemical oxidation 359–360
photon correlation 212
photooxidation 394
physical vapor synthesis (PVS) 45
plasma cloud formation 33–34
plasma processes 49–50
polymerase chain reaction (PCR) method

392

porous fibers 298–302
portable particle counters 230
primary aerosols 1–2

q
quantification 143–144
– of water uptake 146–151
quasi-two-year fluctuations (QTFs) 357

r
radiative transfer models 129
radioactive aerosols, 159–197, see also

Chernobyl nuclear power plant (ChNPP)
case study; environmental aerosols

– ionizing radiation 161
– Petryanov filters 163
– ‘Shelter’ of 159–160, 163
– – effect on environment 160
– – pollution of air masses inside 160
– – radioecological danger 161
– – radionuclide composition 161
– sources 160
radioactive clouds transport in Northern

Hemisphere 166–168
Rayleigh scattering 209
Rayleigh–Debye–Gans theory 19
real-time measurement of bioaerosols

393
recombination 10–11
refractive index 206
regularization method 266–268
release dynamics 165
remote particle counters 230–232
respiratory protection 396–397
Reynolds number 2
Richardson equation 58

s
saltation 349
scaling-invariant aggregates 12
scattering intensity 207
secondary aerosols 1–2
– in situ 358–360
– – ammonia with sulfur dioxide reaction

360
– – biogenic small gas compounds and

aerosols 360–363
– – catalytic oxidation in presence of heavy

metals 360
– – photochemical oxidation 359–360
second-order kinetics 106–108
shape factor 207
‘Shelter’ 159–160, see also under radioactive

aerosols
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single-particle instruments 214–215
– aerodynamic particle counters 215
– condensation particle counters (CPCs)

214
– optical particle counters (OPCs) 214
single-walled carbon nanotubes (SWCNTs)

65–84
– aerosol-unsupported chemical vapor

deposition methods 70–74, see also
individual entry

– bundling and growth mechanisms
78–82

– – bundle charging 78–80
– – growth mechanism 80–82
– integration of 82–83
– – electron-beam and multiple-step

nanolithography processes 83
– – filtering 83
– materials made of 66
– – composite electrical resistance 66
– – composite heat conductivity 66
– – microporous structures 66
– – specific surface area 66
– – Young modulus of composites 66
– physical properties 65
– – electrical resistivity 65
– – hole and electron mobilities 66
– – maximum current density 66
– – tensile strength 65
– – thermal conductivity 65
– – Young modulus 65
– synthesis, control and optimization

74–78
– – atomistic calculations 77
– – density functional theory 77
– – differential mobility analysis (DMA)

technology 74
– – individual CNTs and bundle separation

76
– – on-line monitoring of CNT synthesis

74–75
– – property control and nanobud

production 76–78
sintering, in high-temperature aerosol

systems 55–56
Smoluchowski equation 22
soil aerosols 348–351
– morphological particle structure 353
– thermo-optical analysis 350
solar radiation balance 345
solid aerosol removal 316–340
soots
– from combustion source 134
– physico-chemical characteristics of 145

spontaneous nucleation 91
sputtering 45
Stokes–Einstein equation 212
Stokes equation 226
Stokes flow (creeping flow) 284
Stokes number 2–3
stratosphere 371–376
stream function 284
submicrometer particle measurements

205–234, see also optical methods
Szilard–Farkas scheme 109–110

t
temporal structure of atmospheric aerosols

363–370
thermal soots 144, 147
thermodynamically controlled nucleation

111
thermo-optical analysis 350
Thomas algorithm 288
thunderstorms 15
toxic nanoaerosols 407
transition regime 94–97
troposphere 363–370
– group of ions 363–370
– terrigenous elements 360
truncated coagulation models 32

u
ultra-fine fibers 292–294
ultraviolet (UV) irradiation 394
united structure of chemical processes

(USCPs) 361
uptake 99–103
– crossing the interface 103
– diffusion in gas phase 101–103
– gas–aerosol interaction 100
– gas–particle interaction 99
– hierarchy of times 101
– liquid phase 103

v
volcanic aerosols 15, 354–358
– in situ–secondary aerosols 358–360

w
water uptake by black carbons

140–151
– adsorbent–adsorbate interaction 141
– cooperative multi-molecular sorption

(CMMS) 142
– fluid–fluid cooperative effect 141
– Halsey–Hill equation 142
– hydrophilic soot 148–151
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– interaction 140–143
– long-winded fluid formation 142
– measurements 144–146
– non-hydrophilic soot 148–151
– physico-chemical characteristics of soots

145
– quantification 146–151
– – Aranovich isotherms 148
– – hydrophilic soot 148–151
– – hydrophobic soot 146–148
– – hygroscopic soot 151
– quantification concept 143–144
– quantification measure 140
– sorption capacity 142

wettability 138
wettable filtration materials 316–327,

see also non-wettable filtration
materials

– bioaerosols on fibers coated by disinfectant
326–327

– hydrodynamic resistance across the filter
316

– non-wettable fiber 317
– particle collection efficiency 316
– practical aspects 320–326
– theoretical aspects 318–320
wind-generated formation of aerosols 352
wire screen diffusion batteries 302–309
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