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Abstract 

A method for the absolute mass determination of agglomerated aerosol particles 
is presented. Based on this method it is possible to determine simultaneously and in-
situ mass, exposed surface and mobility diameter. From these measurements the 
fractal dimension of aerosol particles can be derived. For silver agglomerates 
produced by spark discharges it was found that they are bifractal. The fractal 
dimension was 3 in the free molecular regime and 1.9 in the transition regime. By 
variation of the gas mean free path it was shown that the region where the 
agglomerate structure changes from close-packed particles to low density 
agglomerates depends on the Knudsen number. 

In the free molecular regime the fractal dimension was not at all affected by any 
change of the generation conditions. Only sintering caused an increase in the 
density which was attributed to mass transport within the agglomerate. 

In the transition regime the fractal dimension remained constant with increasing 
monomer concentration and with increasing flow rate, but it increased with 
increasing pressure, increasing Ar:He ratio and with increasing sintering 
temperature. For sintering this effect was explained by the minimization of the 
surface free energy. It was found that the structure changing rate is proportional to 
the product of sintering temperature and residence time in the sintering oven. By 
carefully adjusting the temperature it is possible to produce agglomerates of a well 
defined structure. 

In desorption experiments of 136l from silver and carbon agglomerates it could be 
shown that the desorption behavior is different. It was found that the desorption 
enthalpy of iodine from graphite and silver particles were -142 kJ/mol and -184 
kj/mol, respectively. Moreover, it was demonstrated that the 136l attachment to 
particles is different for silver agglomerates with the same mobility, but different 
structures. 
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1. Introduction 

An aerosol is a suspension of solid or liquid particles in a gas. Important parame
ters to characterize the behavior of solid aerosol particles are size distribution, 
chemical composition and geometrical structure, for instance the surface to 
volume ratio or the density distribution within the particles. The structure is 
important because aerosol particles produced by many natural processes and 
human activities often have no simple geometrical shapes like spheres or 
ellipsoids, but they are agglomerates. Many properties of the aerosol particles 
are determined by their structure: mass transport of gaseous species to the 
aerosol particles, Stokes drag, activity for heterogeneous reactions and even 
selectivity for catalytic reactions and radiation interaction. 

In the following the points mentioned above are shortly explained: 

If r.o force acts on the aerosol particles (for ultrafine particles the gravitation is 
negligible) the probability of a collision with a gas molecule is independent of 
the orientation of the collision trajectory. Due to frequent collisions of aerosol 
particles with the gas molecules the averaged impulse transfer is the same for 
opposite directions, i.e. the net impulse transfer is zero. The situation for the mass 
transport of gaseous species to aerosol particles is similar, but the collisions are 
no longer elastic. The collision rate of the gaseous species (for instance 
radioisotopes) with particles depends on the exposed surface of the particles. 
For a given mass M, a sphere has the highest density, and minimum surface If 
the same mass is arranged in n spheres each of the mass M/n the total surface is 
increased by a factor n1/3. This means, for example that for doubling the 
surface the mass has to be distributed into 8 primary particles, if one assumes 
that the contact area between the primary particles is negligible. The relation 
between mass and surface of an aerosol particle indicates the major difference 
between spheres and agglomerates. In reality not all of the surface of an 
agglomerate is directly exposed to the gas molecules and the model given 
above can be looked at as an upper limit for the surface. The reason for this 
surface reduction is the shielding of some primary particles by other primary 
particles. In extremity a primary particle is totally shielded by the others. This 
particle does not contribute any more to the chemical or structural behavior of 
the whole agglomerate; it contributes only to the mass of the agglomerate and 
therefore to the mass dependent properties such as the aerodynamic behavior. 
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If the primary particles build a close-packed sphere, only the outer most primary 
particles are exposed to the surrounding gas molecules. 

If a force acts on the particles that causes the particles to move with respect to 
the gas molecules, the particles experience a resistance called Stokes drag. This 
drag is due to elastic collisions between the gas molecules and the particles. In 
contrast to the case where the particles do not move with respect to the gas 
and where the average force is zero, the collision frequency and the impulse 
transfer is greater on the side faced in the direction of motion than on the oppo
site side. For the drag force the projected area of the particles plays a key role. 
Averaged over al' directions the projected area of a particle is proportional to its 
surface. As the simplest example for the relation between drag and structure, 
the settling of large particles will be discussed: For a given mass the gravitational 
force is independent of the agglomerate structure. The Stokes drag due to the 
motion of the agglomerate relative to the gas molecules is a function of the 
agglomerate structure, therefore the settling velocity is also a function of the 
structure. 

For heterogeneous reactions on aerosol particles the exposed surface is impor
tant, as in the case of mass transport to the particles. The time that the gaseous 
species remains on the particle surface is typically longer than the collision time 
of the carrier gas molecules. Meakin (1986a) investigated the effects of fractal 
geometry on competing first- and second-order reactions at a catalyst surface 
using 2-dimensional simulations. He found thai there is a relationship between 
the selectivity and the structure of an agglomerate for heterogeneous, catalytic 
reactions on aerosol particle surfaces. 

Of great current interest is the green house effect. For long-term predictions all 
the components that contribute to the climate change have to be considered. 
Estimates of the influence that aerosol particles might have to the energy 
balance of the earth are just beginning. In order to introduce the influence of 
the aerosol particles correctly into model calculations, beside size distribution, 
number concentration and chemical composition, the structure of the 
agglomerates has to be known. In addition, the aerosol particles undergo a 
structural change during their life in the atmosphere. This structural change is 
called "aging". As shown by Colbeck et al. (1990) variations in the air humidity 
cause structural changes of soot particles. Due to this change in structure the 
part of the sun light reflected by aerosol particles aiso changes. 
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Finally, in many industrial applications aerosol particles with a well defined struc
ture are needed. Therefore, methods are required to determine the geometrical 
structure of agglomerated aerosol particles. Moreover, these methods should be 
able to monitor small and fast structural changes of the agglomerates. Then, 
one would be abie to investigate the influence of the production conditions 
upon the resulting structure of the agglomerates. The determination of the 
structure after deposition of the agglomerates can lead to wrong results and 
needs much preparation and evaluation time. In contrast to the sampling 
methods, in-situ methods are fast and do not suffer from large influence on the 
particle structure. 

This work is ordered in the foliowing way: After some comments about the 
agglomeration process and a review of the techniques to determine the struc
ture of agglomerates our methods to determine mass, surface and diameter will 
be presented. In the next chapter an in-situ technique to characterize the 
structure of agglomerated aerosol particles will be shown. This technique is 
based on the combination of the methods given above. The application of our 
technique for investigating the formation and monitoring the structural changes 
will be the content of the next chapter. Finally first results of heterogeneous 
chemical interactions on aerosol surfaces will be presented. 



2. Characterization of agglomerates 

2.1. Formation and description of agglomerates 

2.1.1. Formation of primary particles 

Agglomerates consist of small particles called primary particles. Usually primary 
particles are ultrafine (diameler d < 100 nm). Generally they are formed by 
nucleation in a supersaturated vapor. In the absence of pre-existing nuclei the 
nucleation might start on ions (Calcote et al.. 1987). Often the supersaturation is 
achieved by rapid cooling. In the hottest zone the saturation ratio S is not high 
enough to overcome the energy barrier due to the surface tension of small 
droplets. In this regime the evaporation far exceeds the condensation. As the 
temperature decreases the saturation ratio increases. Simultaneously the Kelvin 
diameter d", the diameter that a particle must reach to become stable and to 
grow, decreases as given (Hinds. 1982a): 

4av, 
kTlnS 

where a = surface tension 
v, = M/pNA = volume of the condensible species 
M= molecular weight 
p = density 
NA= Avogadro number 
k = Boltzmann constant 
T= temperature 
S = p/ps = saturation ratio 

= partial pressure / saturation pressure 

Even if the gas is not supersaturated small clusters are formed for a short time 
due to attractive forces (e.g. van der Waals force) between the molecules, but 
these clusters are not stable and disintegrate fast. 

Now, with increasing saturation ratio the number concentration of the small clu
sters increases and also the collision frequency among them. Therefore the pro
bability of forming larger clusters is enhanced. If the saturation ratio becomes 
high enough to build clusters that exceed the actual Kelvin diameter homoge
neous nucleation starts and the particles grow by condensation. The rate of 
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growth by condensation is controlled by the collision frequency of vapor mole
cules with the cluster, and therefore by the kinetic theory of gases. As long as 
the particle size is smaller than the mean free path of the gas the growth rate is 
independent of the particle size (Hinds. 1982a). If all vapor is depleted particle 
growth continues by coagulation of the primary particles. Otherwise, 
simultaneous condensation and coagulation takes place. 

Using 3quation (1) the theoretical saturation ratio required for homogeneous 
nucleation on an individual molecule with a diameter of 0.4 nm. corresponding 
to a water molecule, would be 220. Experimentally found values for S, leading to 
the formation of particles were less than 10 for pure materials. For instance pure 
water vapor at 20 *C spontaneously forms particles by homogeneous nucleation 
when S exceeds 3.5. This can be explained by the model of temporarily built 
clusters given above. The corresponding Kelvin diameter would be 1.7 nm. That 
means that the smallest stable cluster consists of 90 water molecules (Hinds, 
1982a). 

The situation is even more complicated when chemical reactions take place 
during particle generation. Okuyama et al. (1989) investigated the formation of 
ultrafine Ti02 particles from thermal decomposition of titanium tetra-
isopropoxide (TTIP) vapor. Without pre-existing seed particles they found that an 
increase in the temperature leads to the formation of larger particles. But this 
was at least partly due to more efficient decomposition of TTIP. This was 
corroborated by increasing the monomer (vapor) concentration resulting in lar
ger particle sizes (from 9 nm to 15.5 nm). They also found for different tempera
ture profiles (increasing, constant, decreasing) quite different primary particle 
sizes (5 nm, 10 nm, 9 nm). 

In contrast to Okuyama, Lushnikov et al. (1987) found no variation in the size of 
primary particles produced by laser-induced evaporation of metals (Fe, Ti) when 
the energy density of the laser was changed. But the primary particle size varied 
with composition and pressure of the carrier gas. When argon was replaced by 
helium the particle size decreased by a factor of two. Reducing the pressure to 
1 torr the primary particle size decreased by a factor of 3 to 4. 

These results indicate that it is very difficult to compare the parameters that 
govern the formation of the primary particles for different production methods 
and that there are a lot of open questions in the formation processes of primary 
particles. 
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2.1.2. Formation of agglomerates 

Simultaneously with nucleation. the coagulation of the primary particles starts. 
Eventually, if not all vapor is depleted condensation on particles and clusters 
also occurs. The coagulation is at least partly due to the Brownian motion of the 
primary particles. Moreover, interparticle forces like van der Waals or Coulomb 
forces can influence the coagulation process. In addition, coagulation can 
occur in laminar shear flows, in turbulent flows and in gravitational settling 
(Seinfeld. 1986a). The attachment of primary particles to the cluster produces 
agglomerates of complicated irregular structures. 

The structure of an agglomerate grown by coagulation and/or condensation 
can be changed by sintering. This change in shape, that particles of uniform 
composition undergo at high temperature, is initiated by surface tension. In 
order to minimize the surface free energy the particles become more compact. 
This restructuring can be due to viscous flow, evaporation and condensation, 
volume diffusion and surface migration. The characteristic time for sintering pro
cesses scales with the particle diameter d for viscous flow, with d2 for evapora
tion and condensation, with d 3 for volume diffusion and with d 4 for surface mi
gration (Herring, 1950). Sintering is visible on transmission electron micrographs: 
Two small spheres with well defined boundaries, attached to each other only by 
van der Waals forces, start to build a neck at the point of contact when heated. 
This indicates the transport of mass within the spheres by one or several of the 
sintering mechanisms mentioned above. 

2.1.3. The concept of fractals 

The irregular structure of agglomerates can no longer be described in terms of 
Euclidian geometry. It has been shown in simulations (Witten and Sander, 1981) 
and experiments (Forrest and Witten, 1979) that the concept of fractals can be 
applied to diffusional grown agglomerates. 

Even though the concept of fractals has found many applications in physics, 
chemistry and biology, I would like to illustrate the pure mathematical meaning 
of a fractal using as example the 2-dimensional Sierpinski gasket (e.g. 
Mandelbrot, 1982). 



Area Length 

1A 1L 

3A 2L 

9A 4L 

27A 8L 

Fig. 1:2-dimensional Sierpinski gasket 

The question is: How does the area of a well defined structure scale with a 
typical length ? As shown in Fig. 1 by doubling the length of the Sierpinski gasket 
the area is tripled. Generally, by increasing the length by a factor of 2n the area 
increases by a factor of 3n. If one expects a power law of the form: 

A ~ if* (2) 

it is obvious that Df = In3/ln2 = 1.58 . The exponent Dris called the fractal dimen
sion. In the presented case (pure mathematical fractal) the power law (2) is 
neither limited to smaller length scales nor to larger ones. A fractal scaling with 
the same exponent in all axis of space is called selfsimilar. If it scales with diffe
rent exponents for different axis it is called seifaffine. The selfsimilarity or affinity is 
an important property of fractals. In other words, independent of the magnifica
tion of a fractal it shows always the same pattern. 
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Now, agglomerates can not be fractal objects in the mathematical sense. But in 
a statistical sense and over a limited size range they are fractal-like. This means 
that they fulfill a relation between mass and diameter of the form 

M~dpDf (3) 

In a first attempt it was shown that this relation holds for a static radius of the 
agglomerate, the radius of gyration (Samson et al.. 1987). This is the radius of a 
sphere having the same momentum of inertia as the agglomerate. The 
comparison of an agglomerate with a sphere with respect to some physical 
quantity is generally used to describe the behavior of an agglomerate. Later it 
was shown that also dynamic radii, e.g. the mobility equivalent radius or dia
meter, fulfill the relation (3) in the continuum regime where the particle diameter 
dp is much larger than the mean free path X of the gas molecules (Wiltzius et al., 
1987), and in the free molecular regime where d p « X (Schmidt-Ott, 1988a). 

In order to illustrate the meaning of Df I would like to discuss some special values 
of Df in a 3-dimensional space. If Df = 1 the mass is proportional to the diameter. 
The primary particles are arranged in a string of pearls and an internal primary 
particle is surrounded by two others. For Df=2 the primary particles are arranged 
in a disc-like structure. Now an internal primary particle has 6 neighbors. This 
indicates that with increasing fractal dimension also the shielding of the primary 
particles increases. Finally for Df = 3 the primary particles build a compact 
sphere. An internal primary particle is now shielded by 12 others. This shows that 
the fractal dimension indicates the compactness of an agglomerate. 

2.1.4. Scaling behavior of agglomerate parameters 

In this chapter the relations between mass and diameter of an agglomerate 
and the relations between exposed surface and diameter will be given. 

In the free molecular regime (X » dp) the mass M of an agglomerate is related 
to dp by the relations (Schmidt-Ott et al., 1990): 

M-dJx (Df>2) (4) 

M~dp2 (D,<2) (5) 

In the other limiting case (hydrodynamic regime, where dp » X) eqn. (4) is valid 
also for Df< 2 (see also eqn. (3)). 
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In the free molecular regime the mobility equivalent diameter, the diameter of 
the sphere having the same mobility as the agglomerate, is virtually equal to the 
projected area equivalent diameter. The projected area of the agglomerate 
perpendicular to the direction of motion is proportional to the number A/, of 
primary particles that are exposed to the surrounding gas molecules. Between /v, 
and the total number N of primary particles of an agglomerate the following 
relation holds in the free molecular regime for Dt> 2 (Schmidt-Ott et al.. 1990): 

N-Npn* (6) 

For Df < 2 in the free molecular regime the following equation holds 

/V = W,~dp2 (7) 

That is all primary particles are reachable by the molecules of the carrier gas. In 
other words the agglomerates are "transparent' to the gas molecules. Therefore, 
it is not possible to determine the fractal dimension of agglomerates with Df < 2 
in the free molecular regime by measuring mobility equivalent diameter and 
mass. The restriction Df > 2 is not necessary for the hydrodynamic regime. 

Schmidt-Ott et al. (1990) showed that in the free molecular regime the exposed 
surface of an agglomerate is proportional to the attachment rate of radioactive 
isotopes. The attachment coefficient ß is given by (Fuchs, 1964; Porstendörfer et 
al., 1979): 

ß~dp
2 (8) 

In the hydrodynamic regime the following relationship holds: 

ß~dp (9) 

2.1.5. Simulation of the agglomeration process 

The formation process of agglomerates, especially the coagulation, was the 
object of extensive simulation work. Forrest and Witten (1979) found that the 
aggregation of small metal particles in a dense gas can produce fractal struc
tures. With respect to this experimental result, Witten and Sander (1981) 
developed the diffusion limited aggregation (DLA) model for particle-cluster 
aggregation: A seed particle is placed at the origin of a lattice. The next particle 
starts at a random site, at large distance from the origin, and makes random 
steps on the lattice. If the particle visits a site adjacent to the seed it gets 
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incorporated and a new cluster is buit. Another particle is now launched at a 
random site, and it walks randomly until rt joins the cluster, and so on. If a particle 
touches the boundaries of the lattice it is removed and another is introduced. 
This procedure of adding single particles to a growing cluster forms agglome
rates with Df= 2.50 in a 3-dimensional embedding space. 

This model does not describe the metal particle aggregates of Forrest and 
Witten well At the beginning of the agglomeration a large number of porticles is 
dispersed. As described above the particles move, come into contact and stick 
together to form clusters. Also the clusters move, come into contact, and form 
larger clusters. To simulate this behavior, Sutherland (Sutherland 1967. 1970; 
Sutherland and Goodarz-Nia, 1971) developed a cluster-cluster aggregation 
model. A list of clusters is rewritten after each step. Initially, the system consists 
only of single particles. Then particles or clusters are chosen from the list to move 
on linear trajectories. Therefore this model is called a ballistic cluster-cluster 
aggregation model. If the particle or cluster collides with another particle or 
cluster they form a new cluster and the list is updated. After each collision the 
number of clusters/particles in the list is reduced by one. In the last collision, two 
clusters stick together and the coagulation process is finished. Sutherland found 
that the resulting agglomerate had a fractal dimension of 1.85. 

In the diffusion limited cluster-cluster aggregation model one assumes that the 
particles and clusters do no longer move on linear trajectories, but they make 
Brownian motions. A fractal dimension of 1.78 was reported for models of this 
type by Meakin (1986b) and Kolb et al. (1983). 

Finally, the assumption that the particles or clusters stick together at the first con
tact is released. Instead of only one, many collisions are necessary to attach a 
particle/cluster to a growing particle/cluster. A model made by Jullien and Kolb 
(1984) produced agglomerates with Df = 1.98. Another model made by Brown 
and Ball (1985) yielded a fractal dimension of 2.11. This type of model is called a 
reaction limited cluster-cluster aggregation model. 

2.2. Techniques to determine the fractal dimension of agglomerates 

2.2.1. Image analysis 

Image analysis is a well established method to investigate the structure of 
agglomerates. Clusters are sampled by filters, and pictures of the agglomerates 
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are taken by electron microscopy (EM). It was assumed that during the sampling 
procedure the agglomerate was usually not destroyed. The question whether the 
sampling changes the structure of the agglomerate can hardly be answered. 
Another problem is the determination of the fractal dimension from EM pictures. 
Because of the projection of a 3-dimensk>nal object (agglomerate) into a 2-
dimensional image (film) information gets tost. For instance, if two primary 
particles have only different heights above the film they will produce a shadow 
at the same position on the film. Therefore one can no longer distinguish if the 
shadow is generated by one or more particles. In reality, the shadows differ in 
the intensity of darkness, but attempts to use the darkness of the shadow to 
compensate for the lost information failed (Tence et al., 1986), because the 
darkness of a TEM picture is not simply proportional to the amount of mass due 
to the random Bragg orientation of the crystallite. Only if the agglomerate under 
inspection consists of a large number of primary particles the different Bragg 
orientations average out. The mass distribution over the agglomerate is mostly 
obtained by applying a version of the nested circle method. The principle of all 
these methods is to count the number N of primary particles within a circle of 
radius R. Zhang et al. (1988) and Tence et al. (1986) showed that the value of 
the fractal dimension depends e.g. on the choice of the center and finite size 
effects. Depending on the method the fractal dimension might be un
derestimated by as much as 20%. This shows that the image analysis does not 
produce unambiguous results. For flame generated soot particles Zhang et al. 
(1988) found a fractal dimension of about 1.8. 

In order to illuminate the relationship between the 3-dimensional structure and its 
projection, a model agglomerate was used. In the case of a low D( the shielding 
effect was negligible. For a higher Df the original value was about 10-20% higher 
as the one calculated by image analysis. This fact is even true for Df < 2 (Rogak 
and Flagan, 1992). 

2.2.2. Scattering experiments 

The principle of a scattering experiment is shown in Fig. 2. A beam of projectiles 
is collimated before scattering by a target. Using a counter, angular distributions 
can be measured. The intensity of the scattered beam is a function of the 
product of the scattering vector q and a characteristic dimension L (e.g. the 
radius of gyration) of the scattering object. 
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Fig. 2: Schematic diagram of a scattering experiment: S, 
source of the projectiles; C, collimator; SC, scattering object; 
8, scattering angle; D, detector. 

If the scattering object is a fractal with the fractal dimension Df the intensity / is 
proportional to qr0^ (Zhang et al., 1988): 

J = I(qL) ~ q~Df (10) 

where q = (4nA) sin(8/2) 

X = wave length of the projectile 

6 = scattering angle 

The validity of eqn. (10) is limited by (Zhang et al., 1988) 

q/?0>l (11) 

q/?o<1 (12) 
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where Rg = radius of gyration 

R0 = radius of the primary particles 

The relationship (10) shows that the scattering of different projectiles (X-ray, neu
trons, light, etc.) can be looked at as equivalent. For instance the scattering of 
visible light at large scattering angles agrees with the scattering of neutrons at 
small angles. 

For size distribution measurements, scattering of light is often used. The mean 
wavelength of light is 550 nm. If the light is scattered by the maximum scattering 
angle (8 = 180), eqn. (11) is valid down to a lower limit of Rg = 44 nm. By the use 
of a laser with a short wavelength the lower limit can be decreased further. 
Using a He-Ne laser Zhang et al. (1988) analyzed soot particles and found a 
fractal dimension of 1.62. This value of D, is on the low side of the values 
expected from the cluster-ciuster diffusion limited aggregation model (Meakin, 
1984b). Zhang et al. (1988) concluded that a smaller Df may be incücative of 
electrostatic dipolar interactions between the particles. 

2.2.3. Aerodynamic method 

One aerodynamic method to determine the fractal dimension is based on the 
use of a 'ow pressure impactor (Kütz and Schmidt-Ott, 1990). A schematic 
diagram of a low pressure impactor is shown in Fig. 3. It has to be mentioned 
that the use of a low pressure impactor offers the possibility to measure particles 
with diameters of a few nanometers (de la Mora, 1990). For an ideal 
incompressible gas the following relation holds in the free molecular regime: 

m/dp2-p2 (13) 

where m - particle mass 

dp = particle diameter 

p = pressure 

and for a fractal agglomerate with Df > 2 

m-dpDf (14) 
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Fig. 3: Schematic diagram of a low pressure impactor: PI, 
preimpactor; Ml, main impactor; IP, impaction plate; F, filter; 
P. pump; EM, electrometer. 

By combining the relations (13) and (14) one gets 

p~dpa*-2)/2 (15) 

Measurement of this kind were done by Kürz and Schmidt-Ott (1990). For silver 
agglomerates produced by heating silver up to 1000 °C and subsequent 
coagulation they found, in the free molecular regime, a fractal dimension of 
2.06. 

2.2.4. Mobility method 

This method is based on the mobility change during the structural change of 
agglomerates. Schmidt-Ott (1988b) measured the mobility equivalent diameter 
dp of silver agglomerates by a Differential Mobility Analyzer (DMA, see also 
chapter 3.1) before and after sintering. Before sintering the relation (4) was 
fulfilled, after sintering the agglomerates became compact spheres with a 
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diameter dc/ according to the relationship 

M~dc? (16) 

Since the mass M remains unaffected by the sintering process one gets the rela
tionship 

dtf-dpDf/3 (17) 

For agglomerates produced by heating silver in an oven, Schmidt-Ott (1988b) 
found in the free molecular range Dr= 2.18. 

2.2.5. Direct mass determination with ICP-OES 

The methods presented in the chapiers 2.2.3 and 2.2.4 do not allow a direct 
mass determination. This can be done by Inductively Coupled Plasma Optica! 
Emission Spectrometry (ICP-OES), this will be described in more details in chapter 
3.3. The combination of DMA (see next chapter), EPI (see chapter 3.2) and ICP-
OES ciilows for the first time the direct, and simultaneous in-situ determination of 
diameter, surface and mass of an agglomerate. Thus, this combination is a new 
technique to determine the fractal dimension of agglomerates (see chapter 4). 
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3. Techniques to determine mass, surface and diameter of 
agglomerates 

3.1. Differential Mobility Analyzer (DMA) 

The DMA is based on the relation between the electrical mobility Zp of a singly 
charged particle and its diameter d p (Hinds, 1982b): 

Z, = 7 to • ^ ^ ('8) 

where y=el014/(3n-n) 
e = elementary unit of charge 
H = gas viscosity 
Cc = Cunningham correction factor 

= 1 + (25i/dp) (1.257 + 0.4 e-0-55 «*>/*>) 
K - mean free path of the carrier gas molecules 

In order to ensure a known amount of singly charged particles they pass through 
a bipolar charger. Through frequent collisions between the particles and the ions 
an equilibrium charge distribution, given by Boltzmann's law is obtained. After 
charging the aerosol is added to a clean gas and flows down an annular space 
between two cylindrical electrodes in laminar streams (Fig. 4). The inner particle 
free core and the laminarity of the flows prevent particles reaching the inner 
electrode by Brownian diffusion. When a voltage is aDplied to the inner 
electrode the resulting electrical field causes the particles o' opposite polarity to 
move towards the inner rod. By adjusting the voltage it is possible to select 
particles of a certain mobility 2P according to the equation (Liu and Pui, 1974): 

Z, - K 

where K = constant given by the geometry of the DMA 
q, = total flow rate (see Fig. 4: SH+AE) 
qs = sample flow rate (AE) 
qa = aerosol flow rate (M) 
V= voltage 

By combining eqn. (18) and (19) one gets the relationship between the applied 
voltage and the particle size. Because the diameter of the particles selected by 
the DMA is related to their mobility it is called mobility equivalent diameter. 
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Fig. 4: Schematic diagram of a Differential Mobility Analyzer 
(DMA): AE, polydisperse aerosol; SH, sheath gas; V, voltage; 
M, monodisperse aerosol. 

One interesting point of the DMA is that the mobility selection is independent of 
the particle density. This can be seen by looking at the differential equation that 
describes the motion of a charged particle in a constant electrical field: 

(20) mx-qE- * x 
Cc{dp) 

where m = particle mass 
q = charge of the particle 
E=strength of the electrical field 
11 * gas viscosity 

A differential equation of the form 

x + ß x = a (21) 

with the boundaries x(0) = 0, x0») = v0 and x(0) = x0 has the solution 

x(t) = x0 • e-* + v0 • t (22) 
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where x0 = a/ß2 

v0= a/ß 

Obviously, the parameters XQ and ß depend on the particle mass, while v0 is 
mass independent. Therefore, only the first term of the sum in eqn. (22) is a 
function of the mass, but the exponential function tends to 0 very quickly with 
increasing time. Typically, it is negligible after about 3 times the relaxation time 
of the particle. The relaxation time for a 10 nm particle is 6.8 10-9 s and for a 
100 nm particle 8.8 10-8 s (Hinds, 1982c). This is a very short time compared to the 
residence time of a few seconds in the DMA. Therefore, the particle can be 
assumed to reach the mass independent terminal velocity v0 quite immediately 
after the entrance in the electrical field. 

3.2. Epiphaniometer (EPI) 

The EPI is a device to measure the exposed surface of an agglomerate using the 
attachment coefficient of radioactive neutral lead atoms to aerosol particles 
(Gäggeler et al.. 1989). The principle of the EPI is shown in Fig. 5. 

The particles are introduced in a chamber which contains a 227Ac source. One 
of the members of the decay chain of 227Ac, the noble gas 219Rn emanates 
and decays due to its short half-life after traveling a few centimeters via 215Po 
(half-life = 1.8 ms) to 211Pb (half-life = 36.1 min). The radioactive lead atoms 
attach to the aerosol particles pumped through the mixing chamber. The 
residence time in the mixing chamber is in the order of minutes. Then the 
particles are transported through a capillary and are deposited on a filter. Due 
to their high diffusion coefficient unattached 211Pb atoms get lost to the 
capillary wall. The a-activity of211 Bi (half-life = 2.2 min; the daughter of21 ^ b ) on 
the filter is measured continuously by an annular surface barrier detector. A 
more detailed description of the design of the EPI is given by Gäggeler et al. 
(1989). 

As shown in experiments (Gäggeler et al., 1989) the attachment of isotopes to 
aerosol particles can be described by the Fuchs' coagulation theory (Fuchs, 
1964). Therefore, the surface measured by the EPI is called the "Fuchs surface". In 
order to get more familiar with the physical processes that take place by 
measuring the Fuchs surface with the EPI, one starts with the following 
assumptions: It will be assumed that (i) the radioactive 211Pb isotopes are 
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pointlike, (ii) the aerosol particles are spheres with a diameter d (monodisperse 
aerosol) and (iii) there is a linear relationship between the EPI signal and the 
number concentration N of the monodisperse aerosol. 
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Fig. 5: Schematic of the epiphaniometer (EPI): AE, aerosol 
inlet; MC, mixing chamber; ACS, Actinium source; C, 
capillary; F, filter; D, detector; P, pump. 

At small particle diameters (d< lOOnm) the EPI signal is proportional to d 2 (eqn. 
(8)). At large aerodynamic diameters (d > 3^m) the EPI signal is proportional to d 
(eqn. (9)). Under assumptions (i) - (iii) the EPI signal is given by (Pandis et al., 
1991): 

S = Ci(r, nPb, e,...)NKu (d) = i - JV it (4-)*^ 
^2 yap/ 

= Sf 

where x = residence time in the mixing chamber 

n«, = number concentration of lead atoms in the mixing chamber 
e = detector efficiency 
N = number concentration of monodisperse aerosol particles 
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/C;2(d) = coagulation coefficient between a particle of diameter 
d and a lead atom 

Sp = dimensionless Fuchs surface of a particle of 
diameter d (in \im) 

Here d0 = 1 um and x(d) varies between 1 and 2. as mentioned above. The ex
ponent x can be written as (Pandls et al., 1991) 

= In (K12 (d)) - In (Kg (dp)) (24) 
In d — In do 

The evaluation of the coefficient K12 requires the knowledge of the density p and 
the diameter of the lead atoms. In previous measurements the lead diameters 
ranged from 0.5 to 3 nm (Porstendörfer et al., 1979; Strydom et al., 1990; Su et al., 
1990) indicating that the species attached to the aerosol particles are rather 
clusters than single atoms. It is assumed that these clusters consist of one lead 
atom surrounded by water. The probability that different lead atoms stick 
together to build a cluster is negligible because of the low number 
concentration of lead atoms in the mixing chamber (n^ - 100 cm"3). From 
coagulation experiments Rogak et al. (1991) fitted diameter, density and mean 
free path XQ of the lead clusters. They found that Ao is nearly equal to the mean 
free path A. of the carrier gas (Xo ~ 69 nm, A. = 66 nm). The best agreement with 
the experimental data was found for of = 1.5 nm and p = 1.18 gem"3. From the 
cluster diameter one can calculate the diffusion coefficient D: 

D = kT m Cc (d, A) (25) 
SlTTJ d 

where k = Boltzmann constant 
T = temperature 
Cc = 1 + (2\./d>(l .257 + 0.8 e -&55 d/X)) 

= Cunningham correction factor 
TI = viscosity of the carrier gas 

Using the values found by Rogak et al. (1991) one gets D = 0.023 cm2s" 

In order to determine the diffusion coefficient of the lead clusters experimentally 
a deposition profile along the capillary was measured with a proportional 
counter. To ensure that the lead clusters are not transported by aerosol particles 
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an absolute fitter was positioned upstream of the radioactive source. A detailed 
description of this experiment is given by Weber (1991b). The results of this 
experiment are shown in Fig. 6. 
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Fig, 6: Deposition profile of lead clusters in a particle free 
carrier gas along the EPI capillary: the measured activities 
are shown by black dots; the theoretical behavior is shown 
for certain diffusion coefficients by the solid lines. 

The diffusional losses along a capillary with a circular cross section is a function 
of the capillary length L, the gas flow rate Q and the diffusion coefficient D of 
the lead clusters (Hinds, 1982d). Using the dimensionless deposition parameter 
H = DL/Q the penetration FK\i) is given by 

P{p) = 0.819 e"115" + 0.0975 e"701^1 + 0.0325 e"179'" (26) 
{for iL > 0.007) 

Assuming a laminar flow the deposition characteristic along the capillary can be 
calculated for different diffusion coefficients. The sum of the quadratic 
deviations from the measured points was minimal for D = 0.027cm2s-1. The 
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higher diffusion coefficient compared to the value found by Rogak et al. (1991) 
can be explained by the fact that the carrier gas was relatively dry (a few ppm) 
while Rogak used nitrogen with a relative humidity of a few per cent. 

Consequently, the assumption of pointlike 211Pb atoms has to be revised. The 
result that attached species are clusters of about 1.5 nm in diameter influences 
also the maximal exponent x in eqn. (23). Using eqn. (24) for particles with d = 10 
nm one gets x = 1.62 and for d = 100 nm x = 1.47 (Pandis et al., 1991). 

Next, we will correct also the assumption of spherical aerosol particles. It was 
shown in experiments (Schmidt-Ott et al., 1990) and simulations (Meakin et al., 
1989) that in the free molecular regime the attachment of radioisotopes (or the 
mass transfer) to aerosol particles is inversely proportional to the particle mobility. 
Recently it was demonstrated that this holds also for the transition regime (Rogak 
et al., 1991). This means that the attachment rate to a particle of a given 
mobility is independent of the particle shape, at least for a mean free path of 
the diffusing species that is comparable to the mean free path of the carrier 
gas. Therefore, one has no longer to assume that the particles are spheres. 

Also the assumption of a linear relationship between EPI signal and number 
concentration has to be corrected for high particle concentrations, because 
the EPI signal is no longer linear to the total Fuchs surface. If nearly all lead 
clusters are attached, an increase of the particle concentration yields no 
increase in the EPI signal. This saturation effect is qualitatively the same for all EPI 
versions. The saturation activity depends on the production rate of the lead 
clusters, i.e. on the strength of the radioactive source. In order to be able to 
correct the EPI signal for the nonlinearity, a variably diluted KCl aerosol was 
generated by heating, and measured by the EPI (Weber, 1991b). The number 
concentration was monitored by a Condensation Particle Counter (CPC). In Fig. 
7 the correction factor F, by which the measured activity has to be multiplied, is 
shown as a function of saturation. For up to 45 % saturation activity Ssaf the 
correction factor is 1. 

Fcan be fitted by 

F = 1.0 + 0.144 s - 0.0108 s2 - 4.88 £3 + 10.22 £4 (27) 
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where £ = s/S^ 
s = activity measured by the EPI 
Sgat = saturation activity 

0.3 0.4 0.5 0.6 0.7 

relative saturation ratio 
0.8 0.9 

Rg. 7: Correction factor F for the EPI signal as a function of 
the relative saturation activity 3=s/S«jf-

Another aspect that has to be mentioned is the time constant of the EPI 
measurements. Due to the relatively long half-life of 211Pb (36.1. min) short-term 
fluctuations in the Fuchs surface can not be seen in the EPI signal. To overcome 
this disadvantage a method was developed by Pandis et al. (1991) to calculate 
the input Fuchs surface from the EPI response. The inversion of the EPI data 
allows the detection of variations in the aerosol concentration over a time scale 
of minutes. 

For a steady aerosol input the activity behavior on the filter can be calculated 
analytically. Then the predicted number of counts measured in the time interval 
It,. 1M) is (Pandis et al., 1991): 

Yf = 
e q Ai A2 |7e~AlT e 

Ai - A2 IF? - ? ) «• - -» 
, - A j ti _ - - A j <i+ i -

(28) 

+ 
A? 
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where e = detector efficiency 
q - constant 
A, = decay rate constant of the nuclide i (i = 21 ] Pb,211 Bi) 
x = residence time in the mixing chamber 

Experimentally a steady aerosol input was produced by heating KCl and at the 
time t = 0 connected to the EPI. Every minute the actual activity on the EPI filter 
was recorded and the total number concentration was monitored by a CPC 
(Weber, 1991b). In Fig. 8 it is shown that the experimental and theoretical curves 
agree well when the unknown constant q was used as a free parameter at a 
fixed value for x of 2 min. The results in Fig. 8 yielded good agreement between 
measured and calculated data (Pandis et al.. 1991). 
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Fig. 8: Comparison of theoretical and experimental behavior 
of the EPI signal for a step function (particle input at t = 0). 
The stability of the aerosol input concentration measured by 
a CPC is also shown (Pandis et al.. 1991). 

From these results it can not be concluded that the lead and aerosol residence 
time distribution behaves like a plug flow. For flow rates larger than about 1 Ipm 
the increase of the activity on the EPI filter after about 2 min is not due to the 
residence time in the mixing chamber, but to the delay of the effective 
measured decay of21 ]Bi (i.e. daughter of21 ] Pb) as shown in Fig. 9. 
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Fig. 9: Temporal behavior of the activities of 211Pb and its 
daughter 211Bi calculated with the Bateman equations 
(Friedlander, 1981). 

In the following it is shown that the plug flow assumption is wrong by using flow 
rales so low that the residence time in the mixing chamber is longer than the 
delay due to the mother-daughter decay series. To test this hypothesis a step 
function input was used. The aerosol was produced by spark discharges. The EPI 
response to a steady aerosol input was measured for flow rates of 0.5, 1.0 and 
1.7 Ipm as shown in Fig. 10. 

The most interesting flow rate is 0.5 Ipm where the activity on the filter should 
increase by a step approximately 4 min after turning on the aerosol generator. 
That the activity already increases after 2 min is a clear indication that there is 
no plug flow, i.e. that about half of the mixing chamber volume is not used for 
the attachment of the lead clusters. Therefore, a new mixing chamber with a 
simpler and more efficient flow geometry should be constructed. The simplest 
way to do so would be the use of a tube with the entrance on one side and the 
exit on the other. This arrangement would also facilitate the mathematical 
description of the attachment process. 
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1200 

Rg. 10: EPI response to a steady aerosol input at different 
flow rates. 

3.3. Inductively Coupled Plasma Optical Emission Spectrometry 
(ICP-OES) 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) was used 
for the mass determination of agglomerates. This apparatus is mainly used to 
measure concentrations of a large variety of elements from aqueous solutions. 
In our application, however, the mass flow from a dry aerosol has to be 
determined. This device has to be frequently calibrated. The calibration is done 
by the use aequeous standard solutions. Since the effects of the additional 
water on the ICP signal were not clear they had to be investigated in detail 
(Weber et al„ 1992). 

Fig. 11 gives a schematic diagram of a ICP-OES apparatus. The functional 
mechanism of the ICP is based on the introduction of the energy of a 
electromagnetic field into a conducting object. After the injection of charge 
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carriers in the gas. the so called Tesla spark, it is possible to achieve a stationary 
plasma. From the analytical point of view ICP-OES has two great advantages: 
Firstly, there is no contamination because the ICP has no contact to elect-odes, 
and secondly, the analyte can be introduced into the core of the plasma very 
easily because the inner region of the plasma has a relatively low temperature 
and viscosity caused by the so called skin effect. 

Fig. 11: Schematic diagram of a ICP-OES apparatus: CA, 
carrier gas (aerosol); AU, auxiliary gas; CO, coolant gas; RF, 
radio frequency coil; AN, analyte channel in the ICP; SP, 
spectrometer. 

This means shielding of the inner plasma region against the electrical radio 
frequency field. Therefore, the energy transfer to the central analyte stream 
does not happen by induction, but by thermal conduction. Due to the high 
plasma temperatures of up to 10000 K the analyte will be atomized and partly 
ionized. Excited atoms and ions are detected via their spectral emission lines. 
More details about ICP-OES can be found in Boumans (1987). 

ICP-OES has become one of the most important techniques for rapid 
multielement analysis (Olesik, 1991). Usually, the sample is introduced by 
nebulizing a solution and transporting the formed droplets to the plasma. 
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Quantification of unknown samples is performed by establishing identical 
conditions for standards and samples. Most commonly, pneumatic and ultra
sonic nebulizers are in use. Ultrasonic nebulizers (USN) typically have higher 
nebulization efficiencies than pneumatic ones. In order to reduce the amount of 
excess solvent vapor they ate normally combined with a desoh/ator to produce 
a relatively dry aerosol to enter the plasma (Meyer, 1987). The influerce of the 
aerosol generation on the instrument signal has been investigated by various 
authors (Long and Browner, 1988; Caughlin and Blades. 1987; Walters and 
Bamardt. 1988; Chudinov et al.. 1989; Marichy et al.. 1990). Usually, sensitivity is 
defined as the slope of the calibration curve. This means that the term sensitivity 
includes the production and transport of the aerosol as well as the photon yield 
in the plasma. As an example, for a higher nebulization efficiency a higher 
sensitivity should be expected. However, changes of nebulizer efficiency also 
change plasma conditions e.g. by introducing variable amounts of water into 
the plasma. Thus it is not easily possible to investigate nebulizer efficiency and 
plasma conditions separately. 

On the other hand, methods for direct introduction of a solid material, avoiding 
dissolution of the sample are available. The evaporation of solid samples is 
usually performed by laser ablation (Carr and Horiick, 1982) or spark erosion (Aziz 
et al., 1984). Both techniques are comparable with respect to analytical 
precision and detection limits, with the laser offering the advantage that both 
conducting and nonconducting samples can be used. Again, both techniques 
do not suffer from variable inputs of water, however, they do not generate a 
constant aerosol for periods of hours. This disadvantage is eliminated when spark 
discharges are produced between two electrodes consisting of the material of 
interest. Such spark discharge aerosol generators easily deliver an aerosol of 
constant concentration for periods of hours (Scheeline and Coleman, 1987). 

In order to use ICP-OES for absolute mass determinations, it had to be calibrated 
by an independent technique. We used Neutron Activation Analysis (NAA) for 
that purpose. For several reasons this calibration was not performed with the 
conventional aerosol generated by a nebulizer but rather with a dry aerosol 
generated with a spark discharge generator. Firstly, the problem with variable 
water loading as mentioned above could be investigated. Secondly, the 
pressure increase when introducing a filter behind the USN to collect the 
particles for NAA analysis was too high to ensure a correct operation of the USN. 
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To study the influence of dry and wet aerosols on the plasma conditions the 
spark discharge generated aerosol was passed through an ultrasonic nebulizer 
with optional mixing with droplets of H20/HN03. Alternatively, the ultrasonic 
nebulizer was used to produce an analyte aerosol conventionally. This 
approach offered the possibility to separate nebulizer and plasma effects and 
was used to study the influence of the water loading on the ICP sensitivity. Thus, 
this method allows the study of one parameter while maintaining the remaining 
parameters constant, which is highly desirable (Long and Browner» 1988). Silver 
was chosen for most experiments because of low detection limits both in ICP-
OES and NAA. Iron was chosen for additional investigations on plasma 
conditions. Iron and silver can easily be generated as an aerosol by spark 
discharges. 

An Applied Pesearch Laboratory (ARL) ICP spectrometer (Model 3410) with a 
minitorch was used. 

Silver aerosols were produced by two methods (Fig. 12). In the conventional me
thod a solution of Ag in 0.14 M HN03 was nebulized using an ultrasonic nebulizer 
(ARL). The flow rate for the Ag solution was held constant at 2.24 ml/min by a 
peristaltic pump. Freshly deionized water (Millipore, Milli-Q) was prepared for 
each experiment. The USN was followed by a heater and a condenser to 
eliminate most of the solvent in the carrier gas. The heater and the condenser 
were set to 12TC and l'C, respectively. The desolvator was activated for all 
experiments where the USN was turned on. The portion of the remaining solvent 
reaching the ICP was measured gravimetrically by passing the dried aerosol 
through a tube filled with magnesium Perchlorate. 

Alternatively, the silver aerosol was produced by spark discharges (Schwyn et 
al., 1988). Argon was used as carrier gas, with a flow rate of 1.4 Ipm. 

Aerosol mass concentration was varied by changing the loading current. The 
breakdown voltage was about 3 kV (in argon), and currents up to 1.0 mA were 
chosen. The size distributions of the silver particles were measured by differential 
mobility analyzers (DMA), either by a TSI Model 3071 for particles with mobility 
equivalent diameters dp > 11 nm or by a Hauke DMA for dp > 5.5 nm. Number 
concentrations of the selected size intervals were determined either by a 
condensation particle counter (CPC, TSI Model 3022) or an electrometer. 
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Fig. 12: Schematic diagram of the experiment: MFC, mass 
flow controller; SDG, spark discharge generator; P, pressure 
sensor; V, three-way valve; NF, Nuclepore filter for NAA; BP, 
bypass; R, rotameter; S, solvent; PP, peristaltic pump; D, 
drain; CW, condenser waste; H, heater; C, condenser. 

The carrier gas flowing into the ICP was argon at a flow rate of 0.8 Ipm. Ar was 
also used for the auxiliary gas (1.0 Ipm) and for the coolant gas (7.5 Ipm). For the 
calibration experiment the aerosol was split, one fraction (0.8 Ipm) flowing 
through the USN into the ICP, the other one (0.6 Ipm) through a Nuclepore filter 
for NAA (Fig. 12). The pressure regime was controlled manually by means of a U-
tube manometer downstream of the spark discharge generator. For changing 
the filter a bypass was available. For the determination of Ag by NAA, every filter 
was irradiated in the research reactor SAPHIR. The nuclear reaction 
107Ag (n,y) 108Ag (cross section a = 35 b) was used to activate the silver. From 
the subsequent decay of ,08Ag (7",/2 = 2.42 min, £, = 632.9 keV) y-ray spectra 
were collected. Results were obtained by comparison with separately irradiated 
Ag standards. Counting statistics were always better than 2 % and the estimated 
overall accuracy was better than 5 %. 



31 

Results and discussion 

Firstly, the size distributions of the aerosol particles from the ultrasonic nebulizer 
were determined. Figure 13 shows the size distributions of the USN output for 
various analyte concentrations, i.e. 0.14 M HN03 and solutions of 500 ppb, 
2 ppm and 4 ppm Ag in 0.14 M HN03. It can be seen that the particles are much 
smaller than one would expect without a desolvator (typically in the *im range). 
For concentrations > 500 ppb the mode of the size distribution increases with 
increasing analyte concentration. For concentrations < 500 ppb. however, the 
mode is independent of the analyte concentration, due to the presence of 
residual particles in H20 as well as the added HN03. It is known that even when 
nebulizing uftrapure water high number concentrations of residual particles are 
found (Ho et al.. 1988; Haller et at. 1988). Thus, these residual particles generate 
a lower limit for the analyte particle size. Without these residual particles, at low 
concentrations the analyte aerosol would consist of very small particles, and 
would suffer from substantial transport losses due to the high diffusion coefficient 
of these small particles. As an example, this loss would amount to 12 % for 10 nm 
particles for a transport distance of 1 m at a flow rate of 0.8 Ipm (Hinds. 1982d). 
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Figure 13 : Number size distributions of particles produced by 
the USN for different concentrations of Ag in 0.14 M HN03. 
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From the number concentrations, mass concentrations were calculated 
assuming spherical particles. Correcting for the residual particles, these mass 
concentrations were proportional to the analyte concentrations in the silver 
solutions. In the size range covered with this type of aerosols (i.e. up to 300 nm) 
the ICP sensitivity did not show any dependence on the particle size distribution. 
This is reasonable, since Bochert and Dannecker (1989; Bochert, 1991) found for 
single manganese (II) sulfate particles produced by a vibrating orifice aerosol 
generator that the ICP signal was proportional to the particle mass for particles 
up to 8 urn. 

The same measurements for the aerosols generated by spark discharges were 
performed. Figure 14 shows the size distributions for the Ag aerosol particles at 
various loading currents. These particles were formed by diffusional coagulation 
of primary spherical particles. Thus, in contrast to the particles produced by the 
nebulizer, these particles are agglomerates. 
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Figure 14 : Mass size distributions of silver agglomerates 
formed by spark discharges as a function of the loading 
current (0.4 - 1.0 mA). Mass concentrations were calculated 
with a fractal dimension D, = 2.2 (Weber et al., 1990a). The 
mass distribution of iron agglomerates produced in the same 
way is included, assuming the same fractal dimension as for 
the silver agglomerates. 
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In other experiments, a fractal dimension of 2.2 was found for the Ag aerosol 
particles produced by this technique (Weber et al., 1990). Mass concentrations 
were calculated from the measured number concentrations using the 
relationship in eqn. (3). Total masses from these calculations were somewhat 
lower (19 to 59 %) than the NAA mass determinations. However, these 
differences are mostly due to the fact that particles smaller than 14 nm were not 
measured by the DMA configuration used in this experiment. The size distribution 
of the Fe aerosol is included in the figure assuming the same fractal dimension 
as for the Ag aerosol. It can be seen that the total aerosol mass production is 
approximately proportional to the discharge frequency, which is proportional to 
the loading current. 

The transport efficiency of the spark discharge aerosol through the nebulizer was 
then investigated. The mode of the mass size distribution for the spark discharge 
aerosol is about a factor of two lower than for the USN aerosol. Thus, higher 
diffusional losses have to be expected for the spark discharge aerosol. Unlike the 
aerosol generated in the USN, the spark discharge aerosol passed a rotameter 
before entering the USN (Fig. 12). The diffusional losses in this rotameter were 
determined by measuring the size distributions before and after the rotameter, 
and were found to be 21 % on a mass basis. When passing the USN (with the 
nebulizer turned off) another 20 % from the remaining mass concentration were 
lost. Thus, as determined by DMA and CPC, a total of 37 % were lost in the 
rotameter and USN by diffusion processes. This loss was also determined by ICP 
and found to be 43 %, in reasonable agreement with the DMA/CPC result. 
These losses are expected to be constant for all selected mass concentrations, 
since there was only a slight shift of the mode of the size distribution with 
increasing mass concentration (Fig. 14). The value of 43% is higher than ex
pected for mere diffusional losses through the rotameter and the USN, which 
would amount to about 11 % for particles 20 nm in diameter. The difference has 
to be explained by losses due to turbulent deposition (Crump et al., 1983). 

When the nebulizer was turned on, additional losses of Ag particles occurred 
due to scavenging by the H20/HN03 droplets. Two kinds of scavenging pro
cesses have to be expected in the USN. Firstly, in the nebulizer chamber the 
small silver particles diffuse to the big water droplets (Seinfeld, 1986b), get 
incorporated into those and thus lost by the drain of the nebulizing chamber. 
Secondly, due to the high supersaturation in the condenser chamber the silver 
particles act as condensation nuclei similar to the process in a condensation 
nuclei counter. The condensation of water/nitric acid vapor on Ihe Ag particles 
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leads to the formation of big droplets which again are lost to the waste. Figure 
15 shows the size distributions of the aerosols leaving the USN with and without 
the nebulizer turned on. It can be seen that along with the reduction in number 
concentration the particle diameter increased. It is interesting to note that the 
mode of this 'wer aerosol corresponded to the mode of the regular USN aerosol 
for concentrations < 500 ppb (Fig. 13). 
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Figure 15 : Number size distributions of silver particles formed 
by spark discharges with and without nebulizing 0.14 M HN03 

by the USN. Loading current was 1.0 mA. 

Most probably this increase in diameter is not due to a simple rearrangement of 
the silver agglomerates. Such a rearrangement of particles with a loosely 
packed structure (with a fractal dimension Df = 2.2) would result in a more 
compact structure with a lower mobility equivalent diameter. Thus, this increase 
in diameter has to be attributed to condensed H20/HN03 on the silver particles, 
with the Ag mass per particle remaining constant. Therefore the importance of 
the scavenging process should be described by the reduction of the number 
concentration of the Ag particles rather than the reduction of the mass 
concentration. With this argument, scavenging would result in a reduction of the 
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number concentration to 52 % compared to the dry aerosol. This hypothesis was 
corroborated by measuring the ICP signal of the USN output both with the 
nebulizer turned on and off (see below). With the nebulizer turned on, the ICP 
signal was reduced to 56.9 ±3.1 % . in favorable agreement with the reduction 
in the number concentration. Thus, with the nebulizer turned on. 43.1 ± 3.1 % of 
the Ag mass entering the USN was lost by scavenging processes. 

Still one could argue that this reduction of the ICP signal was not caused by sca
venging processes but rather by a change in the plasma excitation temperature 
due to the added H20/HN03 mixture. Such an addition can influence the 
plasma conditions in many ways (Olesik and Den. 1990; Olesik and Fister. 1991; 
Fister and Olesik, 1991; Borowiec et al.. 1980). On one hand, the evaporation 
and the dissociation of the water consumes energy resulting in a temperature 
decrease. On the other hand, the hydrogen present in the water increases the 
thermal conductivity in the axial zone, which causes a temperature increase 
(Tang and Trassy, 1986). Due to the water the size of the plasma zone is 
changed. This results in an apparent increase in temperature, since the 
observed portion of the plasma is closer to the fireball. In addition to this effect 
the temperature distribution within the plasma can be changed. The resulting 
effect is dependent on the total water loading. According to Sperling (1986) the 
plasma temperature increases with increasing water loading in the range up to 
27 mg H20/min. For water loadings > 27 mg/min the Ar gas is supersaturated 
under usual conditions resulting in the presence of a water aerosol, and a 
decrease of the plasma temperature with increased loading, as reported by 
Long and Browner (1988). The water loading for the USN along with the 
desolvator used in this study was measured by passing the USN output through a 
tube filled with magnesium Perchlorate and determining the amount of 
absorbed water gravimetrically. A value of 1.5 mg H20/min was found, which is 
very small compared to the 27 mg/min mentioned above. However, it has to be 
kept in mind that the minitorch used in this work might be more sensitive to the 
water loading than the larger torches. Further investigations of this effect upon 
the minitorch are therefore necessary. 

In order to investigate the change in plasma conditions due to water loading, Fe 
was taken as a thermometric species, since this element is widely used for such 
purposes. Iron offers the possibility to measure up to 28 emission lines within a 
wave length range of 15 nm, over which the sensitivity of the photomultiplier 
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tube can be assumed to be constant. Assuming a Bortzmann distribution of the 
exw.ted electronic states of the Fe atoms or ions one can write (Mermet, 1987): 

l o g ( / X / g A ) ~ W * c (29) 

where / is the intensity and X the wave length of the emission line, Q is the stati
stical weight of the energy level / (g, = 2 J, + 1, where J, is the total angular mo
mentum quantum number of the state /) , A, is the transition probability for spon
taneous emission and f, the excitation energy of the level /. For different energy 
levels f/this relation yields -l/k7ejfC as the slope of a straight line. 

Fe agglomerates were produced by spark discharges. The Fe lines at 361.876 
nm, 371.994 nm, 373.486 nm. 373.713 nm, 374.826 nm and 375.823 nm were 
measured in the presence and absence of 0.14 M HN03 nebulized by the USN. 
In addition, a 500 ppb Fe solution was nebulized by the USN. The values of the 
products of g, and A, of the energy level / were taken from Bridges and Kornblith 
(1974). It was assumed that the ICP was in the state of local thermal equilibrium 
(LTE), even though several authors (Olesik and Den. 1990; Kornblum and de 
Galan, 1977; Komblum and Smeyers-Verbeke, 1982) concluded that the LTE 
state was not reached within the analytical zone of the plasma. However, here 
the determination of the excitation temperature served only as an indicator if 
the plasma conditions changed when water vapor was added, with all other 
parameters held constant. Therefore the measured temperatures have to be 
regarded as relative values allowing a comparison between the dry and the 
wet aerosol rather than absolute values. The temperature values found were 
5994 K for the nebulized Fe solution, 5941 K for the Fe particles with nebulized 
nitric acid and 5933 K for the dry Fe particles. Thus, the plasma temperatures 
were virtually identical for all three cases. The same was true for Ag, where the 
ratios of the intensities of the silver lines a\ 338.289 nm, 328.068 nm and 
243.779 nm did not show a significant difference either with or without nebulized 
HN03 solution. From these two sets of experiments one can also conclude that 
for the minitorch the water loading of 1.5 mg/min was too small to have a 
temperature effect in the plasma. This corroborates the findings described 
above, that the reduction of the ICP signal with the USN turned on was due to 
scavenging processes. 

Finally, Ag aerosols generated by the spark discharge generator were used for 
an absolute calibration of the ICP signal (Fig. 12). For each data point the Ag 
mass concentration was determined by filtering a fraction of the aerosol flow 
through a Nuclepore filter for subsequent analysis by NAA. The split of the 
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aerosol flow was placed upstream of the nebulizer in order to obtain the original 
flow rate through the USN. For each silver mass concentration the ICP signal was 
determined with the nebulizer turned on and off. Between two measurements 
the ICP sensitivity was checked by nebulizing a standard solution of 50 \ig/\ Ag in 
0.14MHNO3. 

Figure 16 shows the ICP signal as a function of the absolute Ag mass flow rate as 
measured by NAA. The mass flow rates from the NAA measurements were 
corrected for the diffusion losses described above. Data are shown for dry silver 
aerosols (USN turned off) as well as for silver aerosols with additional nebulization 
of 0.14 M HN03 by the USN. In both cases a linear relationship between Ag mass 
and ICP signal is found. In combination with a condensation nuclei counter, the 
result for the dry aerosol case could then be used to determine absolute masses 
of single silver agglomerates (Weber et al., 1991a). The difference between the 
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Fig. 16: ICP signal as a function of the absolute silver mass 
flow rate as measured by Neutron Activation Analysis. The 
silver aerosols were produced by a spark discharge 
generator. Data are shown for dry silver aerosols (o) as well 
as for silver aerosols with additional 0.14 M HN03 nebulization 
by the USN (.). The difference between the two lines is due to 
scavenging processes in the USN. 
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dry and the wet aerosol has to be attributed to scavenging processes in the 
USN. since differences in the plasma conditions were ruled out. From the slope 
difference of the straight lines one can infer that 43.1 ±3.1 % of the Ag were 
scavenged with the nebulizer turned on. Thus, the fraction of Ag scavenged in 
the USN is proportional to the initial Ag concentration. 

In addition, the amounts of water acquired in the drain and the condenser 
waste over a measured period of time were weighted, and their silver concen
trations were determined by ICP-OES for 4 different Ag mass concentrations. To 
ensure dissolution of the silver agglomerates, cone. HN03 was added to the 
drain and condenser solution to achieve a concentration of 4 M. The calibration 
solutions for this experiment were also prepared in 4 M HN03. From these num
bers the scavenged fraction of the Ag mass concentration was determined. This 
fraction was found to be 36.2 ± 11.0 %. This result is in reasonable agreement with 
the value given above, however, the uncertainty for the direct measurement of 
the ICP signal reduction was much smaller. 

The main difference between the nebulization of a silver solution by the USN and 
the dry silver aerosol with nebulized solvent consisted of different losses within the 
nebulizing chamber. While 93.0 ± 2.0 % of the silver mass was found in the drain 
when nebulizing a silver solution, only about 16.0 ± 7.9 % of the silver mass of the 
dry aerosol was lost in the nebulizing chamber. This difference is due to the fact 
that in the first case all the silver is already contained in the droplets, whereas in 
the second case Ag is transferred to the liquid phase only by scavenging 
processes. In the following heating and condensing process, the silver mass was 
reduced again by 24.0 ±9.1 % in the case of the spark generated aerosol, and 
by 12.8 ± 4.2 % in the case of the nebulized solution, determined from the 
condenser waste. 

The efficiency of the USN was determined as follows. Silver solutions of known 
concentrations were nebulized by the USN. Using the data in Fig. 16, the Ag 
mass flow rate into the ICP was determined for each concentration. From the 
flow rate of the peristaltic pump and the Ag concentration of the solution, the 
Ag input rate into the nebulizer was calculated. Then the efficiency was defined 
as the Ag mass flow rate into the ICP divided by the Ag mass flow rate through 
the peristaltic pump. For the USN an efficiency of 5.2 ± 0.5 % was found. Thr, 
approach represents a direct efficiency determination and does not suffer from 
large uncertainties encountered when determining the efficiency from the mass 
difference of nebulizer input and drain. 
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Conclusions 

Silver aerosols were generated by two different methods, either conventionally 
as a wet aerosol by an ultrasonic nebulizer (USN) or as a dry aerosol by spark 
discharges. In the latter case the USN offered the possibility of optional mixing of 
the silver aerosol particles with H2O/HNO3 droplets. Aerosol size distributions were 
determined directly after generation as well as after transport through the 
various parts of the system. It was shown that this setup allows to study indepen
dently production and transport of the aerosol, as well as the sensitivity of the 
ICP spectrometer. The small amount of residual water after the desolvator of the 
USN (1.5 mg/min) did not change the plasma conditions, since the excitation 
temperature in the plasma remained constant within 61 K for the dry and wet 
aerosols. Mixing the dry aerosol with H20/HN03 droplets resulted in a reduction 
of the ICP signal by 43.1 ±3.1 %, which could be attributed to scavenging of 
silver particles by the large water droplets. 

In combination with Neutron Activation Analysis the setup was used for a quan
tification of the amount of analyte reaching the ICP. Thus, an absolute calibra
tion of the ICP-OES signal was performed. This allowed a direct determination of 
the efficiency of the USN for which a value of 5.2 ± 0.5 % was found. This result 
offers the possibility of the calibration of the actual ICP sensitivity on dry aerosols 
by nebulizing standard samples. With this calibration aerosol mass flow rates can 
directly be determined. 
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4. In-situ determination of the structure of agglomerates 

In this chapter the techniques described in the previous chapter are combined. 
The simultaneous use of ICP-OES (calibrated with NAA). EPI, DMA and a CPC 
enables one to determine in-situ and simultaneously mass, exposed surface and 
mobility diameter of agglomerates. It is also a new method to determine the 
fractal dimension of agglomerates. 

These data present an experimental evaluation of the relationships (4)-(9) in the 
transition regime. Moreover, the average number of primary particles in an 
agglomerate is determined using the ICP-OES signal and transmission electron 
microscopy CTEM). Knowing the absolute mass M of the agglomerate and the 
mean size d0 of the primary particles one can determine the mean number N of 
primary compact spherules per agglomerate by: 

N=M/«n/6>d03p) (30) 

where p is the density of the material (pAg=10.5 gem'3). 

Primary silver particles were produced by spa.k discharges at a pressure of 1.05 
bar and a flow rate of 0.3 Ipm (Fig. 17). These particles coagulated in a tube 
with a residence time of 30 s. To ensure mere diffusional coagulation the primary 
silver particles were neutralized by a ^ r source before entering the 
agglomeration tube. Ar was chosen as carrier as well as sheath gas and 10 
different mobility size classes were selected by a DMA. In order to measure 
simultaneously mass, exposed surface and number concentration the 
monodisperse output aerosol was split for ICP-OES, EPI and CPC. In addition 
samples were taken on carbon foils by electrostatic deposition for TEM (applied 
voltage ranging from +400 to +4000 V). The electric field lead to partial 
decomposition of the agglomerates. This indicates that the sampling procedure 
has to be done very carefully to get structural information from the TEM 
micrographs. A typical TEM micrograph is shown in Fig. 18 for an agglomerate 
with a mobility equivalent diameter of 74 nm. Besides the spherical primary 
particles with a diameter of about 20 nm, there is a class of smaller spheres with 
diameters of about 6 nm. The round edges of the primary particles indicate that 
they were formed by thermal processes. Patterns like those in Fig. 18 were 
distributed all over the carbon foil. 
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Fig. 17: Experimental set-up. The experiment is described in 
the text. 

Fig. 18: Transmission electron micrograph of a silver 
agglomerate with a mobility diameter of 74 nm. The 
agglomerate was destroyed by impaction on the target. 
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Between two spots of individual agglomerates no particles (neither 6 nor 20 nm 
diameter) were found. This indicates that also the smaller spheres were 
attached to the agglomerates. The number of 6 nm and 20 nm particles per 
agglomerate is roughly the same. But the 20 nm particles contribute about 37 
times more to the mass of the agglomerate than the 6 nm particles. Therefore it 
was assumed that the agglomerates consist only of compact spherical particles 
with a diameter d0 of 20 nm. Rom the measured mass of an agglomerate with 
dp - 74 nm the average number of primary particles should be 23 (using eqn. 
(30)). This result is in qualitative agreement with the TEM picture. 

In Rg. 19 the agglomerate mass is shown as a function of the mobility equivalent 
diameter in a double logarithmic plot. The number size distribution of the 
agglomerates had a maximum at about d ^ = 74 nm. According to Hoppe! 
(1973) and Kousaka et al. (1985) multiple charging of particles is monotonically 
increasing with increasing diameter. Therefore, a given mobility class of particles 
with diameters larger than o ^ is only marginally disturbed by larger, multiply 
charged particles, because of their rapidly decreasing number concentration. 

- 1 4 

-14.4 

jäj_H.8 

JJ-15.2 

-15.6 

_ ! 6 
1.4 1.6 1.8 2 2.2 2.4 

log (dp) [nm] 

Fig. 19: Double logarithmic plot of the mass per agglomerate 
and the mobility diameter. The mass was measured by ICP-
OES and the diameter was determined by a DMA. The 
fractal dimension of the silver agglomerates was 1.80. 
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On the other hand, for particles smaller than d ^ multiple charging affects the 
measurement of number and mass concentrations significantly. This has to be 
kept in mind when looking at the Fig. 19. According to relationship (4) the slopes 
of the straight lines give the fractal dimensions. Evidently, there are two fractal 
dimensions in Rg. 19. Multifractal aggregates were already reported by Tohno 
and Takahashi (1990) for Pb fumes. In the following we will call the intersection 
point of the two straight fitting lines d ^ (diameter where the fractal dimension 
changes). In Rg. 19 d^, is about 66 nm. For particles smaller than d ^ the fractal 
dimension is consistent with D,= 3 within experimental error. The slope corres
ponding to Df = 3 is shown in the figure for comparison. The phenomenon of 
forming compact agglomerates was shown by Sutherland and Goodarz-Nia 
(1971) in floe simulation work : Single spheres of unit radius were added to a 
growing floe. The spheres were moving along linear trajectories and were 
randomly distributed in space. When colliding with the floe they were rigidly 
fixed at their first point of contact. This model produced agglomerates with 
D,= 3. Also Meakin (1984a) found a value around 3 (D, = 2.97) for 1he ballistic 
particle to cluster model. There are also experimental results that Df approaches 
3 when the agglomerates contain only a few primary particles (Kütz and 
Schmidt-Ott, 1990). It has been attributed to a larger tendency of restructuring 
for smaller agglomerates. Hence, it is assumed that the investigated silver 
agglomerates with sizes smaller than the gas mean free path (free molecular 
regime) are formed by adding single silver spheres (primary particles) that move 
on linear trajectories. 

Silver agglomerates produced by the method of Scheibel and Porstendörfer 
(1983) showed a fractal dimension of 2.18 in the free molecular regime (Schmidt-
Ott, 1988b). In comparison with our result (D,s3) the fractal dimension differ 
significantly although the primary particle size was quite the same. The main 
difference in the production seems to be the temperature profile : While by 
Schmidt-Ott the carrier gas was heated up to 1000 °C and cooled down in a 
few seconds, in our arrangement the gas was only heated in the small space of 
the discharge and cooled down in a few milliseconds (see chapter 5). 
Therefore, the coagulation of the primary particles took place in different 
temperature regimes. The gas mean free path X is related to the temperature T 
by 

x 1 
A ~ f (31) 

If one assumes that the agglomeration in the experiment of Schmidt-Ott took 
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place at least partly in the hot region of the gas (-1300 K), then the actual X was 
about 15 nm, which is about the mean primary particle diameter. Then the 
trajectories of the primary particles were no longer linear, but became Brownian. 
For the particle to cluster agglomeration, when the particles undergo Brownian 
trajectories, it was found by Medalia (1967) and Meakin (1990) that the fractal 
dimension should be 2.4-2.5. The fact that the value found by Schmidt-Ott is 
significantly lower, indicates that the generation process was neither particle-
particle, nor particle-cluster agglomeration. For the cluster-cluster agglo
meration (ballistic and Brownian) Meakin reported values of D,of about 1.8 
(1984b). That the value found by Schmidt-Ott is somewhat higher might be due 
to sintering effects or to a coagulation type that lies in between particle-cluster 
and cluster-cluster agglomeration. 

However, in our experiment agglomerates smaller than dch seem to be 
produced by the coagulation of primary particles moving on linear trajectories 
in agreement with the model of Sutherland and Goodarz-Nia (1971). For 
particles larger than dch we found a fractal dimension of 1.80 which is in good 
agreement with the value for cluster-cluster aggregation found by Meakin 
(1984b). 

Fig. 20: TEM micrograph of silver agglomerates produced by 
spark discharges. It is evident that there are two types of 
agglomerates: larger ones with a fluffy structure and smaller 
ones with a compact structure. 

Mm 
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This indicates that the primary particles rapidly form clusters in the spark 
discharge generator where the number concentration of primary particles is in 
the range of 108 to 109 cnrr3. These clusters coagulate further to form low density 
agglomerates. Beside these fluffy agglomerates, as mentioned above, relatively 
compact agglomerates might be formed in the following cooler region 
(conditions for ballistic particle to cluster aggregation fulfilled) or by sintering in 
the hot region of the gas. The result that there are two types of agglomerates is 
corroborated by TEM micrographs (Fig. 20). The agglomerates shown were pro
duced at a loading current of 20 mA. In chapter 5 the relation between dch and 
the generation conditions will be discussed. 

Fig. 21 shows the EPI signal normalized by the number concentration in a double 
logarithmic plot as a function of dp. Because the aerosol surface concentrations 
for dp < dch was too low to get a useful EPI signal, only the data for dp > dch are 
shown. The slope of the straight line of 1.47 indicates that the agglomerate sizes 
are in the transition regime between the limits expressed by eqs. (8) and (9). 
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Fig. 21: Double logarithmic plot of the attachment rate of 
radioactive lead clusters to agglomerates of various 
diameters. The attachment rate per agglomerate A/n is 
directly proportional to the attachment coefficient ß. 
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The result agrees with the calculated value for the attachment of lead clusters 
(one lead atom surrounded by water molecules) to agglomerates (Pandis et al., 
1991) in the transition regime (eqn. (24)). Over the measured size range the 
slope should change by about 10 % . Investigation of a larger size range would 
be necessary to demonstrate this effect. 

For the relationship between the mass and the attachment coefficient of the 
silver agglomerates one expects from relations (4), (5), (8) and (9) a slope bet
ween 1.0 (free molecular regime) and 1.80 (= Df. hydrodynamic regime). From 
the previously shown relationships M ~ dp

] -8 and ß - dp1 A1 it follows: 

M~ß!22 (32) 

These results show that the combination of ICP-OES, EPI and DMA/CPC can be 
used to measure simultaneously and in-situ mass, exposed surface and diameter 
of agglomerates. This method was applied to silver agglomerates formed by 
spark discharges with diameters in the free molecular and the transition regime. 
It was found that the aerosol particles were multifractal (more exactly bifractal). 
The change in the fractal dimension was in the region of the mean free path of 
the carrier gas. The fractal dimension was 3 in the lower part (free molecular 
regime) and 1.8 in the upper part (transition regime). This method to determine 
the fractal dimension also yields for Df< 2 correct values in the transition regime. 

Moreover, rt is shown that the concept of fractals is applicable to aerosol 
particles with a low degree of agglomeration. The smallest measurable 
agglomerates that fulfilled the concept of fractals consisted of only 3 primary 
particles (experimental point with lowest mass in Fig. 19). 

Destruction of an agglomerate by sampling on a TEM foil prevents a direct 
determination of the shape. Nevertheless, the TEM micrographs yields the mean 
size of the primary particles. Together with an absolutely calibrated ICP-OES the 
mean diameter of the primary particles can be used to determine the mean 
number of primary particles per agglomerate. 

The relationship found between the attachment rate of lead clusters to an 
agglomerate and its mobility diameter in the transition regime is in agreement 
with the coagulation theory of Fuchs (1964). 
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5. Formation and structural changes of agglomerated aerosol 
particles 

The methodology described in chapter 4 offers a unique possibility to investigate 
the influence of various agglomerate generation parameters on the fractal 
dimension of the agglomerates. In the following this is exemplified by variations 
of the parameters: discharge frequency, flow rate, pressure, gas composition 
and sintering temperature. In addition, in order to get the influence of these 
parameters on the primary particle size samples for TEM were taken. 

All agglomerates were produced by a spark discharge generator (SDG) 
equipped with silver electrodes. The discharge frequency was controlled by the 
current / that loads the capacitor. The breakdown voltage was determined by 
the distance d between the electrodes, the carrier gas and its pressure p. The 
gas temperature was, at least up to a discharge frequency of about 100 Hz, 
unaffected by the discharges. For instance at a distance of 2 mm downstream 
of the electrodes, a temperature increase of 7 K was measured at a discharge 
frequency of 90 Hz and a flow rate Q of 0.3 Ipm Ar. This shows that the cooling 
rate was very high. Since most of the gas flow is focused by a nozzle to the 
space between the electrodes, and because the temperature in a discharge is 
higher than 3500 *C (melting point of graphite that can also be produced by 
spark discharges) the cooling rate must be higher than 460 K/ms. In the 
following, when nothing else is indicated the standard conditions are d = 5 mm, 
Q = 0.3lpm Ar,/ = 20mAandp= 1.15 bar. 

As carrier gas Ar of high purity was used. In order to test if there were pre-existing 
seed particles the number of condensation nuclei were measured by a 
Condensation Particle Counter (CPC). Within 4 hours no single particle was 
detected. Therefore it can be assumed that no pre-existing seed particles were 
present. 

Samples of Ag agglomerates for TEM micrographs were taken by applying a 
voltage of +400 V to a graphite grid. Before sampling the particles were 
charged by a bipolar diffusion charger. The images were made by a JEOL JEM 
100C TEM apparatus. Mean diameters and geometric standard deviations of 
the primary particles were calculated for each sample. In addition, high 
resolution and diffraction pictures were made to be able to observe structural 
changes of the primary particles. 
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All primary particles showed rounded edges. Therefore, it was assumed that they 
were produced thermally. The high resolution pictures showed that ail the 
particles were monocristalline. and from the diffraction pictures their structure 
was determined to be fee. In some cases the size distributions of the primary 
particles were rather broad or even bimodal. This was particularly the case for 
the size distributions at increased flow rates. As a measure of the mono-
dispersivity of the primary particles the variances of the size distributions will be 
given. 

5.1. Variation of discharge frequency 

Firstly, the discharge frequency v was varied. Samples were taken at loading 
currents /of 1, 10 and 20 mA. respectively. The results are listed in Table 1. The 
mean primary particle diameter d0 increased with increasing discharge 
frequency v (proportional to / ) . An increase in / by a factor of 10 resulted in an 
increase of d0 by a factor of 1.6. Therefore, if one assumes that mass losses are 
independent of the loading current, this transforms to an increase in the number 
concentration of primary particles by a factor of 2.4. A further doubling of / leads 
to a increase of d0 by a factor of 1.16, and consequently to an increase by a 
factor of 1.3 in the number concentration. 

Table 1: Mean primary particle sizes d0 for a loading current / 
of 1,10 and 20 mA, respectively. 

/[mA] 

do [nm] 

a 

1 10 20 

5.1 8.2 9.5 

1.39 1.30 1.25 

These results are in qualitative agreement with the simulation of the formation of 
primary particles made by Girshick and Chiu (1989). They studied an idealized 
one-dimensional flow reactor, in which the gas phase chemistry is completed 
upstream of the particle nucleation, and found that size and number of 
nucleated particles are strongly affected by the cooling rate and the initial 
monomer concentration. For a constant cooling rate they simulated the primary 
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particle formation for two different Fe monomer concentrations and found that 
the prenucleation saturation ratio and the maximum supersaturation was 
changed. For the higher concentration case the maximum supersaturation was 
found at a higher temperature, but at a lower saturation ratio. The conse
quence is an increase in the critical nucleus size (Kelvin diameter, see eqn. (1)) 
leading to larger stable nuclei. The subsequent condensation that takes place 
on these nuclei lets them grow until all vapor is depleted. As mentioned above 
the cooling rate in the SDG is very high and 2 mm downstream of the electrodes 
the influence of the discharge frequency on the temperature was no longer de
tected. Therefore, it is reasonable to assume ttiat the cooling rate was in
dependent of the loading current. However, the number of initial monomers is 
proportional to the mass production rate and consequently to the loading 
current. Thus, the variation of / corresponds quite well to the situation that was 
assumed for the simulation when only the monomer concentration was chan
ged. It is evident that also the results agree qualitatively. 

The influence of the variation of the loading current on the agglomerate 
structure was then investigated. If one assumes that most of the gas flows 
through the space between the two electrodes, the residence time in the 
discharge region is shorter than 5 ms. The discharge frequency was always lower 
than 90 Hz, i.e. the time between two discharges was always greater than 11 ms. 
Therefore, it was assumed that a discharge was unaffected by the last one This 
was corroborated by the constant breakdown voltage, which varied within less 
than one percent, indicating that all ions of a discharge were removed from the 
space between the two electrodes before the next discharge. This means that 
holding all parameters constant and increasing only the discharge frequency, 
should result in a proportional increase in the mass concentration of silver in the 
aerosol. In order to test this hypothesis the silver aerosol was directly fed into the 
ICP-OES apparatus. At least up to a loading current / of 4 mA, the ICP signal was 
proportional to / (Fig. 22). For />4 mA the ICP signal was saturated in case of 
directly introducing the silver aerosol. In the size selected measurements the 
loading current was varied from i to 20 mA. In Fig. 23 one can see that the 
number size distributions measured by DMA/CPC are roughly log-normal. The 
geometric mean diameter increases with increasing mass concentration (from 
57 up to 79 nm), while the standard deviation increases only slightly (from 1.36 to 
1.52). For the size distributions given in Fig. 23 the fractal dimensions were 
determined by relating agglomerate mass and mobility equivalent diameter dp. 
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Fig. 22: ICP signal (proportional to the total mass 
concentration of silver produced by spark discharges) as a 
function of the loading current. 
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As already shown in chapter 4 for dp smaller than about 70 nm the particles are 
built as close-packed spheres. Here, the more interesting part is the size range 
larger than 70 nm. From Rg. 24 it can be seen that the fractal dimension neither 
depends on the discharge frequency nor. more generally, on the mass con
centration. 
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Rg. 24: Double logarithmic plot of ICP signal (proportional to 
the mass concentration) vs. mobility diameter for different 
loading currents. 

The values of D, range from 1.91 to 2.00 (Table 2) and they are randomly 
distributed within this interval indicating the error of the method. Obviously, the 
fractal dimension does not change with increasing discharge frequency. 
Averaged over the values of Table 2 one obtains D(= 1.96 ±0.12. Compared to 
the fractal dimension found in chapter 4 (Df= 1.80) these values are somewhat 
higher. This can be explained by different pressure regimes. The influence of the 
pressure on the fractal dimension will be discussed in chapter 5.3. In fact, the 
pressure in this experiment was 1.15 bar, 0.1 bar higher than in the experiment 
described in chapter 4. In Table 2 the y-intercepts b calculated by using the 
mean fractal dimension are also given. In contrast to the fractal dimension, the 
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y-intercept b increases with increasing /. From /= 10 mA a further increase in / no 
longer changes b. In order to show that this is not an instrumental shift the 
measurement with / = 20 mA was repeated. The results for Df agreed within 0.5 % 
and wrrhin 0.8 % for b. 

Table 2: Fractal dimensions Df and y-intercepts b for different 
loading currents. 

/[mA] 

Dj 

b 

1 

1.91 ± 0.21 

-4.079 

5 

1.97 ± 0.22 

- 3.828 

10 

2.00 ± 0.06 

-3.700 

15 

1.95 ± 0.07 

- 3.691 

20 

1.96 ± 0.06 

-3.706 

The agglomerate structure is totally defined by the fractal dimension and the 
primary particle size. Therefore, if Df remains unchanged by varying the loading 
current, the change in the relative mass to mobility diameter ratio (y-intercept b) 
has to be due to a change in the primary particle size. 

Now, the dependence of b on / will be discussed. Schmidt-Ott (1988b) 
suggested that eqn. (33) is valid down to about 5 primary particles: 

M = Cl • (i]D/ 03) 

where M = mass of the agglomerate 
dp = mobility equivalent diameter of the agglomerate 
Df= fractal dimension 
d0 = diameter of the primary particles 

Since the quotient in eqn. (33) is dimensionless c, has to have the dimension of 
mass. The coefficient c, is the mass of the smallest agglomerate that fulfills eqn. 
(33). By further decreasing the number of primary particles the concept of the 
fractal dimension collapses. 
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Usually, the primary particle diameter is not known and instead of eqn. (33) the 
following equation is used 

M = co • dP' 

From eqs. (33) and (34) it follows 

Co = c\ • d( 
-D, 

The primary particle diameter d0 is then given by 

* - ( ! ) 

(34) 

(35) 

(36) 

From a logarithmic plot like the one in Fig. 24 one gets Df and log (c£ (= y-
intercept b), while c, remains unknown, but is assumed to be constant. The qua
litative behavior of d0 as a function of / was calculated using eqn. (36) and the 
experimental values for Df and b given in Table 2. The results were normalized at 
/ = 1 mA to the primary particle size from TEM analysis (Fig. 25: curve a). 
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Fig. 25: Comparison of calculated and measured (o) primary 
particle sizes for various loading currents. The curve a was 
calculated using eqn. (36) and curve b using eqn. (38). Both 
calculations were normalized to the measured particle size 
a t / = l m A . 
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The circles in Fig. 25 are the values of the mean primary particle sizes known from 
the TEM analysis (see Tab. 1). Obviously, measured and calculated d0 values 
significantly disagree. This suggests that Cj is not a constant as assumed. As 
mentioned in chapter 4, small agglomerates have a larger tendency of 
restructuring. This motivates the assumption that c ; = p cfc3 where p is a constant. 
Then from eqn. (35) it follows: 

co - P 

hence 

p) 08) * - ( ? ) 

dfrD' (37) 

3-D] 

Repeating the calculation with eqn. (38) for Fig. 25 gives a much better 
agreement between measured and calculated primary particle diameters (Fig. 
25: curve b). This result shows that the mean primary particle diameter can be 
deduced by determining the y-intercept b (=log (Co)) and the fractal dimension 
Df at a fixed value of p. If one knows the primary particle size it is possible to 
calculate also the constant p. One can then determine the primary particle sizes 
for variations of the running conditions, as long as the fractal dimension does not 
approach the upper limit (D,= 3). From eqn. (37) it can be seen that the 
coefficient c0 no longer depends on the primary particle size for Df - 3. 

5.2. Variation of flow rate 

Secondly, the fractal dimension of the silver agglomerates was determined for 
various flow rates (0.3, 1.2 and 2.4 Ipm Ar) while all other parameters were kept 
constant. The measured size distributions for the 3 flow rates are shown in Fig. 26. 
From the coagulation equation for monodisperse particles with a number 
concentration n and a coagulation coefficient K (Hinds, 19820 

^ = - K • n2 (39) 
dt 

it follows that a reduction of the number concentration n by a factor of 8 
reduces the coagulation rate by a factor of 64. In addition, the coagulation 
time is also reduced due to a higher gas velocity. Therefore, the mean 
agglomerate size should decrease with increasing flow rate, as it is indeed 
observed (Fig. 26). Although the degree of coagulation differs significantly the 
resulting fractal dimension remains unchanged as shown in Fig. 27. This finding 
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was also corroborated by a measurement where the coagulation tube was 
removed. While, as expected, the mean agglomerate diameter decreased 
from 73 nm (with coagulation tube) to 60 nm (without coagulation tube) the 
fractal dimension remu.ned constant within 1.1 %. 
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Fig. 26: Number size distributions for different flow rates. 
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Both the fractal dimension and the log (CQ) values remained constant for the 
three different gas flow rates. On the basis of eqn. (38) it follows that also the 
primary particle size should remain approximately constant as shown in fig. 28 
(curve calc.). This result was surprising» because one would intuitively expect that 
the higher the flow rate the higher the cooling rate. According to the simulation 
by Girshick and Chiu (1989) for an increased cooling rate and a fixed monomer 
concentration the supersaturation reaches a higher value before the nucleation 
starts. As a consequence a larger number of smaller particles are produced. The 
decreased monomer concentration at a higher flow rate should result in a 
further decrease of the primary particle diameter. 
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Fig. 28: Mean primary particle size as a function of the flow 
rate. Values found experimentally by TEM picture analysis 
are compared with calculated ones using eqn. (38) and the 
y-intercepts from Fig. 27. 

The results of the TEM image analysis show no uniform trend for measurements at 
different flow rates. For the run with electrodes at distance d = 5 mm and / = 10.0 
mA the mean primary particle diameter d0 decreased from 8.2 to 6 nm when 
the flow rate was increased from 0.3 to 2.0 Ipm (Table 3a and Fig 28: curve 
exp (1)). This result agrees with the idea of a change in the cooling rate. Howe
ver, Girshick and Chiu calculated a reduction in the mass mean diameter by a 
factor of 1.59 when the cooling rate was doubled. In our case, by increasing the 
flow rate by a factor of about 7, the mean diameter was only decreased by a 
factor of 1.37. This clearly indicates that changing the flow rate can not simply 
be converted in a predictable change of the cooling rate. 

: ^ 

; \ -

• calc. 

* exp. (1) 

o exp. (2) 
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Table 3a: Mean primary particle sizes d0 and standard 
deviations a for two flow rates Q (d = 5 mm and / = 10 mA). 

Q [1pm] 

do [nm] 

a 

0.3 2.0 

8.2 6.0 

1.30 1.41 

For d - 5 mm and / = 1 mA the mean primary particle diameter even increases 
from 5.1 to 7.1 nm when the flow rate is increased from 0.3 to 7.5 Ipm (Table 3b 
and Rg. 28: curve exp (2))). 

Table 3b: Mean primary particle sizes d0 and standard 
deviations a for two flow rates Q (d=5 mm and / = 1 mA). 

ßPpm] 

do [tan] 

a 

0.3 7.5 

5.1 7.1 

1.39 1.64 

This result clearly contradicts to expectations from the cooling rate model. This 
discrepancy can be due to the large difference in the cooling rates in the 
simulation of Girshick and Chiu (1989; cooling rates between 10 K/ms and 40 
K/ms) and in our experiment (cooling rate > 460 K/ms). Thus we assume that in 
our experiment the cooling rate was only weakly influenced by the flow rate. 

5.3. Variation of pressure 

For a constant electrode distance d the breakdown voltage was found to be a 
monotonically increasing function of the pressure (Fig. 29). Samples for TEM 



58 

analysis were taken at 0.2. 1.05 and 2.3 bar, corresponding to breakdown vol
tages of 0.5, 2.3 and 2.6 kV, respectively, in Ar. The smallest primary particles 
were found for p = 0.2 bar (Table 4). Going to atmospheric pressure the mean 
diameter increased, and for p = 2.3 bar it was reduced to almost the value of 
the underpressure case. 

Table 4: Mean primary particle sizes for various pressures. 

p [bar abs] 

do [nm] 

a 

0.2 1.05 2.3 

4.9 8.2 5.2 

1.36 1.30 1.44 

By variation of the pressure it was found that constant experimental conditions 
could be obtained for a small pressure regime only (p ~ 1.0-1.6 bar). Therefore, it 
was not possible to determine a uniform trend in the fractal dimension over a 
large pressure regime. 

These problems are most likely due to sensitivity changes in the ICP apparatus by 
changing the pressure in the SDG. Therefore, only runs with a correlation 
coefficient > 0.99 in the double logarithmic plot of agglomerate mass vs. its 
diameter have been taken (Fig. 30). From these measurements the fractal 
dimension seems to increase while the primary particle size seems to decrease 
with increasing pressure (higher log (CQ) value for p = 1.15 bar compared to the 
p = 1.57 bar one). If one takes the breakdown voltage as the most important pa
rameter, then a change in pressure corresponds to a change in the carrier gas. 
It was found that the breakdown voltage increases if one changes the gas from 
He to Ar and further to N2 (Fig. 29). In accordance with the gas series He, Ar, N2 

the primary particle size decreased monotonically. Therefore, the primary 
particle size seems to decrease with increasing breakdown voltage due to a 
pressure increase as well as a change of the gas. 
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5.4. Variation of carrier gas composition 

So far, the region where the fractal dimension changes from the transition value 
(typically in the order of 1.9) to the free molecular value (values around 3) was 
not yet discussed. As mentioned above, this region is specified by the 
intersection point d ^ of the fitting lines. The idea that dch depends on the mean 
free path was caused by measurements at two different pressures (in Ar). While 
the variation of all the running parameters (except the sintering that will be 
discussed in the next paragraph) had no influence on dct1, the increase of the 
pressure from 1.1 to 1.4 bar shifted It from 97 to 76 nm (Fig. 31). The amount of 
the reduction corresponds exactly to the decrease of the mean free path (from 
70 to 55 nm) due to the pressure change. 
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Fig. 31: Double logarithmic plot of the ICP signal vs. mobility 
diameter for two different pressures. In this experiment the 
particles were not neutralized before coagulating. Therefore, 
electrostatic forces caused probably the low fractal 
dimension of 1.33 for p - 1.15 bar for agglomerates with 
diameters larger than about 100 nm. By increasing the 
pressure to 1.50 bar the fractal dimension increased to 2.10. 
For agglomerates with diameters smaller than about 90 nm 
the fractal dimension was 2.95 for both pressures. 
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These first experiments initiated a further detailed study by changing the gas 
composition as a tool to vary the gas mean free path, because in our experi
mental arrangement it was not possible to increase the gas mean free path by 
varying the pressure. Therefore, the gas mean free path was increased by 
adding He with Â «, = 194 nm to the carrier gas Ar with A,*, = 70 nm. 

The mass to mobility diameter relation was investigated at Ar:He ratios of 3:0,2:1, 
1:1 and 0:1 in units of 0.1 Ipm. The position of dch was indeed shifted to larger 
values when the He concentration was increased. In addition, the fractal 
dimension decreased (Fig. 32 and Table 6) as a consequence of the different 
breakdown voltages of each gas composition. 
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Evaluating the log (CQ> values from the data shown in Fig. 32 eqn.(38) showed 
that the primary particle size increased with decreasing Ar:He ratio. It was 
indeed found by TEM analysis that the primary particle sizes decreased by 16% 
when Ar was used instead of He and by 60 % when N2 was used instead of Ar. 

Tence et al. (1984) showed that different primary particle size distributions did not 
significantly influence the final fractal dimension, when the agglomeration 
conditions remained unchanged. Therefore, it has to be concluded that the 
change of the mean free path of the carrier gas molecules is responsible for the 
change of the coagulation regime (position of dch and fractal dimension) as 
indicated in Fig. 32. As mentioned in chapter 4 Sutherland and Goodarz-Nia 
(1971) showed that the coagulation of particles that move on linear trajectories 
produces compact agglomerates. Particles do ballistic movements when the 
Knudsen number (2k/d0. where A. = mean free path of the gas mixture and 
d0 = actual primary particle diameter) is much larger than 1 (free molecular 
regime). Therefore, the Knudsen number should determine the upper limit for 
building close-packed agglomerates in the coagulation process. For all mixing 
ratios the Knudsen number was calculated and compared to the dch values in 
Fig. 32. A good correlation between dch and the Knudsen number was found 
(Table 5) corroborating the formation model given above. The decrease of the 
fractal dimension as a function of decreasing Ar:He ratio is still unexplained. 

Table 5: Comparison between the change of the Knudsen 
number and the change of dct) for various Ar:He ratios as 
calculated from Fig. 32. Also the fractal dimensions Df for the 
various mixing ratios are shown. 

Ar: He 

Kn 

dch 

D, 

3:0 

8.7 

68 

1.96 ± 0.02 

2:1 

11.9 

69 

1.88 ± 0.02 

1:1 

12.4 

79 

1.70 ± 0.05 

0:1 

14.6 

95 

1.41 ± 0.06 
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5.5. Sintering of agglomerates 

Finally, the agglomerates produced at standard conditions were sintered at 
various temperatures. As an example the mass to mobility diameter relationship 
for a residence time of 1.6 s in a sintering oven at temperatures from 25 up to 
520 °C is shown in u double logarithmic plot (Fig. 33). With increasing 
temperature the fractal dimension increased from 1.96 to 3.08. This change 
could also be seen in scanning electron microscopy OEM) images that were 
made at 90 and 520 °C (Rg. 34). Also the primary particle sizes seemed to 
increase from about 15 nm (7= 25 °C) to 25 nm (r= 240 °C) as calculated using 
eqn. (38). With increasing temperature the line that fits the close-packed agglo
merates {dp < do) in the free molecular regime was shifted up. 
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temperatures from 25 up to 520 °C. 
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Fig. 34: SEM images of silver agglomerates. The 
agglomerates in the upper picture are sintered for 1.6 s at 
90 °C. The agglomerates in the lower picture are sintered for 
0.7 s at 520 °C. 

For a given mass the temperature increase resulted in a smaller mobility 
diameter. This can be explained by coalescence of the primary particles. Up to 
a temperature of about 400 °C the aerosol particles are multifractals. For 
temperatures higher than about 400 °C there is only one fractal dimension 
(Df = 3). The obvious change in the primary particle size and the increase in the 
density of the agglomerates seems to be due to mass transport within the 
agglomerates. 

The mass transport velocity should depend on the temperature T and the total 
mass transport should be determined by temperature and residence time x. To 
investigate this assumption sintering experiments were performed at various 
residence times. This was done by changing the length of the heating zone (10, 
20 and 30 cm). In Fig. 35 the change of the fractal dimension (for agglomerates 
with dp > dCft) is shown for different residence times. The changing rate is clearly 
depending on 7 andt. An analysis of the slopes in Fig. 35 shows that the 
changing rate is proportional to the product 7t. This product is determined by 
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the volume Vof the sintering zone, the gas flow rate Q and the temperature T0 

before sintering 

Tx = (V/Q)T0 (40) 

Thus the structure changing rate can be influenced by changing sintering 
volume and/or gas flow rate. 
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Fig. 35: Change of the fractal dimension for 3 different 
residence times (1.6,3.2 and 4.8 s, respectively) as a function 
of the sintering temperature. 

If one neglects activation processes for temperatures lower than about 150 °C 
(Fig. 35) one can simplify the behavior of the fractal dimension as follows: The 
change of the fractal dimension starts at a temperature Tt and ends at a 
temperature Tf. For T< J, the fractal dimension remains unchanged and has a 
value of Dc. Also for T> 7} the fractal dimension is constant (upper limit of 3). For 
temperatures in between these limits D(\s linearly increasing with AT= T-Tf. 

Df = DfQ + CT-T(T - %) 

T < Ti 
Ti <T < Tf 

T > Tf 

(41) 
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where D„ = fractal dimension of the unsintered agglomerates 
c = constant 
7= sintering temperature 
7) = initial temperature of structural changes 
Tf = final temperature of structural changes 

From Fig. 35 it was found that 7, varied between 80 and 120 °C and that Tf 

ranged from 290 to 510 °C corresponding to the Tx values. 

5.6. Conclusions 

In double logarithmic plots of mass vs. mobility diameter, it was found that a 
change in the fractal dimension occurs at about the mean free path length of 
the carrier gas. The position of this changing point (dch) depends on the Knudsen 
number as shown by varying the gas composition, and by increasing the 
pressure. 

The fractal dimension was about 3 for agglomerates diameters d<dch. This 
means that the agglomerates in this region consist of close-packed primary 
particles which can be explained by the agglomeration model of Sutherland 
and Goodarz-Nia (1971). In this region the fractal dimension was not affected by 
any change in the experimental parameters. Only sintering caused an increase 
of the log (.c<$ values which can be transformed to an increase in primary 
particle sizes. As a result for an agglomerate of a given mass an increase of the 
temperature resulted in a decrease in mobility diameter. It is assumed that this is 
due to mass transport within the agglomerate. 

For agglomerate diameters d> dch the Devalues changed to about 1.9. This is in 
agreement with the diffusion limited cluster-cluster aggregation model of 
Meakin (1986b). D, was unaffected by a variation of the discharge frequency 
(monomer concentration) and the gas flow rate although it was found that the 
mean primary particle size increased with increasing discharge frequency. This is 
explained by the fact thai' different primary particle size distributions do not 
significantly influence the final fractal dimension if the agglomeration conditions 
remain unchanged (Tence et ai, 1984). It was found that log (c0) values 
increased with increasing discharge frequency, which was explained as being 
an increase in the primary particle sizes. An equation to calculate the primary 
particle diameter from the fractal dimension and the y-intercept (= log (c0)) was 
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deduced (eqn. (38)). By comparing the results calculated with eqn. (38) with the 
measured primary particle size distributions good agreement was found. 
Changing the carrier gas from He via Ar to N2 is equivalent to an increase of the 
pressure with respect to the breakdown voltage. Both processes lead to an 
increase in the breakdown voltage. This seems to produce smaller primary 
particles and larger fractal dimensions. Finally, it was shown that an increase in 
the temperature leads to an increase in the primary particle size and in the 
fractal dimension. This is due to the minimization of the surface free energy of 
the agglomerate. The rate of restructuring is proportional to the product of 
temperature and residence time in the sintering oven. By carefully adjusting the 
temperature it is possible to produce agglomerates of a well defined structure. 
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6. Heterogeneous chemical interactions with aerosol surfaces by 
radiochemical means 

So far. tracers with irreversible adsorption were used to study geometrical 
properties of small particles, e.g. the irreversible attachment of lead clusters in 
the EPI (see chapter 3.2.). In the following an attempt was made to use highly 
volatile species for adsorption/desorption studies. We chose 136l (Tl/2 = 84 s) and 
investigated its adsorption/desorption behavior on various aerosol particles. 

For these experiments, the so called gas-jet system at the SAPHIR reactor as 
described by Ya et al. (1989) was used. The experimental set up is shown in 
Fig. 36. 

Fig. 36: Experimental set-up: REACT., SAPHIR reactor; LAB., 
radiochemistry laboratory; M, mass flow controller; SDG, 
spark discharge generator; P, pressure gauge; TA, uranium 
target; N, thermalized neutrons; GJ, gas jet (130 m); V, three-
way valve; R, optional reactive gas; Q, quartz wool plug; T, 
temperature measurement; RU, recluster unit; DO, desorption 
oven; F, filter; D, detector; PU, pump. 
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Isotopes were produced by nuclear fission of 235U initiated by thermal neutrons. 
Two th... 235U foils that were exposed to thermal neutrons produced about 170 
136| atoms/s which resulted at our standard gas flow conditions of 1 Ipm in an 
average concentration of 10 atomsA"m3. Because of high diffusion coefficients 
(e.g. D - 0.30 cm2s-1 for 136l) the isotopes are very quickly attached to surfaces. 
Without aerosol particles all non gaseous fission products are lost to the walls of 
the target chamber. Therefore, aerosol particles are fed through the target 
chamber in order to collect the isotopes. Attached to the aerosol particles the 
isotopes can be transported over long distances because of the much lower 
diffusion coefficient of the particles ''e.g. D-6.7 10"6 cm2sr' for a 100 nm 
particle). With respect to the short half- :fe of some isotopes of interest capillaries 
with small diameters (about 2 mm) were used. Transport efficiencies as high as 
45 % for a distance of 130 m are reported Of a et al., 1989). Even for 700 m a 
transport efficiency of 10 % was found (Weber, 1990b). In the presented experi
ment a gas-jet with a length of 130 m linked the target chamber at the SAPHIR 
reactor to the chemistry laboratory. 

In order to investigate the desorption processes, a graphite or silver aerosol 
loaded with fission products was passed through a heated quartz tube. Behind 
the tube the particles were sampled by a filter for y-measurements. The 
temperature in the quartz tube was varied in order to desorb the isotopes 
according to their desorption enthalpies from the carrier aerosol particles. It was 
assumed that an isotope once desorbed from a particle had a negligible 
probability of reattaching to another particle, but is adsorbed to the much 
larger surface of the quartz tube and the following capillary. It is assumed that 
this large surface overcompensates the smaller adsorption enthalpy of the 
isotopes on quartz or polyethylene compared to that on carbon or silver. Due to 
their short half-lives the nuclides decay during the frequent collisions with the 
wall. Therefore, only the fraction of non desorbed isotopes is measured by the 
Ge(Li) detector. In ordei to rule out shifts in the running conditions, a measure
ment at room temperature was made between the measurements at two 
different temperatures. 

Since we wanted to vary the properties of the aerosol as well as the chemical 
species of the iodine, we also used a device called OLGA (Qn-Ljne G_as 
Chemistry Apparatus) that originally was developed for radiogas-
chromatography (Gäggeler et al., 1991). It allows an on-line separation of the 
volatile fission products from the carrier aerosol particles. This was done by 
heating the aerosol particles sampled on a quartz wool plug. While the particles 



70 

and the non-volatile species remained deposited on the quartz wool the volatile 
fission products evaporated. Since the subsequent quartz tube was also heated 
the volatile isotopes were transported with the carrier gas through the chroma
tography column and were able to reach the so called recluster chamber. Here 
the isotopes were mixed with a new aerosol at room temperature and were 
reattached to these new particles. In the following we call the desorption of the 
isotopes from the original carrier aerosol as well as the reattachment to a 
second one 'reclustering*. After passing the recluster device the desorption 
studies mentioned above can be performed. 

Ar at a flow rate of 1 Ipm was used both for the carrier and the recluster aerosol. 
We used carbon and silver generated by spark discharges both as carrier and 
as recluster aerosol particles. Number size distributions were measured by DMA-
CPC. In addition, as carrier aerosols molybdenum (VI) oxide and potassium 
chloride were also used. They were produced by heating and subsequent 
cooling. 

6.1. Carrier aerosol (gas-jet) 

It was found that the number size distribution of the carrier particles changed 
during the transportation along the capillary. The two main effects influencing 
the size distribution are coagulation and diffusional losses to the capillary wall. As 
an example the measured size distribution of a KCl aerosol along the capillary is 
shown in Fig. 37. The particles were produced as described by Ya et al. (1989). 
After a 8 m transportation the distribution is rather broad due to the evapo
ration-condensation production. With increasing capillary length the mean 
diameter increases and the geometric standard deviation decreases. This might 
be a very simple and cheep way of producing agglomerates of a well defined 
size. 

However, for applications of the gas-jet technique in radiochemistry the most 
important parameter is the transport efficiency of a certain nuclide. In Fig. 38 the 
transportation yield of 211Pb atoms attached on 40 nm particles as a function 
the capillary length is shown. Also shown is the calculated transportation yield of 
KCl particles along the capillary by assuming that the surface is the key 
parameter for attachment. 
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Fig. 37: Size distributions of KCl particles along the capillary 
measured by a DMA. 
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Fig. 38: Transportation yield of 211Pb isotopes attached on 
KCl particles along a polyethylene capillary (i.d. = 2 mm, flow 
rate = 2 Ipm N2). The experimental results are shown by the 
solid line and the calculated data by the dashed one 
(normalized to the experimental value at 8 m). 
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Based on the input size distribution at 8 m (Fig. 37) the evolution of the size 
distribution under coagulation and diffusion losses were calculated. Coagulation 
coefficients were taken from Seinfeld (1986b) and penetration functions through 
capillaries from Hinds (1982d). It was assumed that the gas flow was laminar. The 
fact that the losses in the first part of the capillary were considerably higher than 
theoretically expected indicated turbulences at the entrance. Therefore, the 
theoretical yield curve was adapted to the experimental one at 8 m. The 
pressure gradient along the capillary was found to be in good agreement with 
the behavior described by Wollnik et al. (1976). Fig. 38 shows that the 
transportation yield can be described quite well by coagulation and diffusion 
losses. The high pressure regime along the longest part of the capillary greatly 
reduced the diffusion coefficients (D~l/p). This resulted in a decrease in the 
coagulation coefficients and in a substantial decrease in diffusion losses to the 
capillary wall. The longer the capillary the higher the necessary pressure 
gradient for a given flow rate and the smaller the diffusion coefficients. 

The good agreement between experimental and theoretical curves also indi
cates that the often cited Bernoulli force does not play a key role in the gas-jet 
system presented here (capillary inner diameter 2 mm. flow rates up to 2 Ipm Ar 
or N2). In order to prove this statement the Bernoulli force acting on a cube with 
a length of 40 nm and a density of 1 gem"3 was determined. Assuming a 
parabolic velocity profile over the capillary cross section with the boundaries 
v = 0 at the wall and v= vmax in the center, the pressure drop from the wall to 
the center according to Bernoulli's law is 43.2 Pa for a flow rate of 2 Ipm N2 

through a 2 mm thin capillary. The mean velocity was taken as 

1 f j * Q (42) 
V = — V da = - Vmax — ~7 

A JA 2 A 
where v = mean velocity 

A = cross section area of the capillary 
vmax=maximum velocity (center) 
Q = flow rate 

Under these conditions the radial displacement of a 40 nm particle along a 700 
m long capillary is less than 0.08 mm. This clearly corroborates that the Bernoulli 
effect is not very important for gas-jets in the regime presented here. 

Since transport efficiencies of fission products with low volatility such as 94Sr are 

relatively independent of the chemistry of the aerosol particles it was used as an 
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indicator for particle losses in the desorption experiments. One of the first obser
vations was that 136l is transported with very low efficiency on commonly used 
potassium chloride or molybdenum (VI) oxide carrier aerosols. In contrast, the 
activity of 136l increased clearly when carbon or silver aerosols were used. 

6.2. Reclustering 

In the following an experiment was performed with graphite as carrier and silver 
as recluster aerosol. The reclustering efficiency of 136l is shown in Fig. 39. The 
aerosol mass concentration is approximately proportional to the loading current 
of the spark discharge generator (Chapter 5.1). At currents larger than about 
10 mA a saturation of the 136l activity is reached. Without a desorption-
adsorption cycle the measured activity of 136l attached to the carrier aerosol 
particles was about 12 cps. The saturation value of about 4 cps indicates that 35 
% of the 136l reaching the quartz wool plug could be reattached to the second 
aerosol. 

• f 
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/ 
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fig. 39: Measured activity of 136l attached on silver 
agglomerates produced by spark discharges as a function 
of the loading current /. The silver agglomerates had fractal 
dimensions of 1.9 and 3, respectively. 

As shown in chapter 5 the fractal dimension of the silver agglomerates can 
significantly be influenced by tempering or by increasing the pressure. Since the 
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production took place at ambient pressure and at room temperature it was 
assumed that Df= 1.9. In order to change the fractal dimension of the silver 
aerosol, it was tempered for 11.2 s at 330 *C before introducing it into the 
recluster chamber. This procedure ensured that the isotopes were reattached to 
close-packed particles with Df=3. Again the loading current was increased until 
the saturation activity was reached as shown in Rg. 39. 

Porstendörfer et al. (1979) and Ho et al. (1982) found that the attachment 
coefficient B of uncharged radio-nuclides to a particle of radius /?is given by: 

4 TT DR 
B = 4 P , l (43) 

CRS T" TTY 

where D = diffusion coefficient 
c = mean thermal speed of the nuclide 
$ = sticking probability of the nuclide 
Xo = mean free path of the diffusing species (nuclide) 

Eqn. (43) is a simplification of the general coagulation equation given by 
Dahneke (1983) that is applicable for particle d iameter» isotope diameter. This 
condition is clearly fulfilled in our experiment. For S = 1 and XQ = 69 nm Rogak et 
al. (1991) suggested that for lead clusters the attachment coefficient is the same 
for particles with the same mobility, at least when the mean free path of the gas 
and the diffusing species are comparable. Obviously, the lead atoms were 
surrounded by water molecules which lead to a reduced diffusion mean free 
path. In our recluster experiments the temperatures in the OLGA oven were 
950 'C at the collecting position of the graphite particles and 650 'C in the 
subsequent quartz chromatography column. For the carrier and recluster gas 
very dry Ar was used. Moreover, it is quite unlikely that iodine is surrounded by 
water molecules. However, the chemical form of the observed iodine is not 
known. It is possible that the chemical form was HI or CH3I, but because of the 
low iodine concentrations it is quite unlikely that l2 was produced. Assuming that 
the iodine species had the mass and the diameter of an HI molecule the 
diffusion coefficient D was calculated by using eqn. (25). We found D = 
0.21 cm2s_1. Then the mean free path XQ of the coagulation process was 
calculated (Rogak et al., 1991): 

. 2(A + D2) 
AD — , (44) 

y * roj ' r m2 
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where D, = diffusion coefficient of the coagulating species i 
k = Boltzmann constant 
T= temperature 
m, = mass of the coagulating species i 

As a result the mean free path of the iodine species should be about 200 nm. 
Looking at eqn. (43) one sees that the second summand in the denomitor 
contributes less than 15 % to the total denomitor for particle diameters smaller 
than 300 nm (assuming S = 1). Then, eqn. (43) can be approximated by 

B « *cS R2 (45) 

This means that the attachment coefficient is proportional to the particle sur
face, at least for particles with dp < 300 nm. It is interesting to note that the 
attachment coefficient no longer depends on the diffusivity of the nuclide, but 
only on its thermal velocity and its sticking probability. For the attachment of 136l 
to silver agglomerates with Df= 1.9 and silver agglomerates with Df=3 the 
parameters c and S should be identical and therefore the attachment 
coefficient should vary only with the particle radius. For the two experimental 
conditions shown in Fig. 39 the number size distributions of the silver particles 
were measured and the surface area distribution as a function of size was 
calculated. It was found that all agglomerates had mobility diameters samller 
than 300 nm. In Fig. 40 the activity (from Fig. 39) as a function of the total surface 
area concentration is shown for compact and low density agglomerates. From 
eqn. (45) a relationship in the form of a straight line is expected. For low surface 
concentrations eqn. (45) seems to hold, but with increasing surface 
concentrations a saturation activity is reached due to the depletion of ,36l 
atoms. Taking the tangent to the very first part of the fitting curve it is obvious 
that the slope is different. In other words, for a diffusing species with a mean free 
path much larger than that of the carrier gas the attachment coefficient is 
different for agglomerates with the same mobility, but with different structures. 
This statement is made under the assumption that the sticking probability of 
iodine on silver remains unchanged when the silver was heated to 330 'C and 
cooled down to room temperature before the attachment. 
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Rg. 40: Measured activity of 136l attached on silver 
agglomerates as a function of the surface area 
concentration. The surface area was calculated from the 
number size distributions measured by a DMA. Silver 
agglomerates of different structures (fractal dimensions of 
1.9 and 3, respectively) are shown. 

6.3. Desorption 

In Fig. 41 the relative iodine activity is shown as a function of the desorption 
temperature for four different desorption experiments (desorption from silver and 
carbon aerosols, both as carrier and recluster aerosols). A significant difference 
between the desorption behavior of iodine from carbon and silver particles can 
be seen. While 50 % of 136l is desorbed from carbon at a temperature of about 
300 'C, about 500 *C is needed for the desorption from silver. There was no 
significant difference found between the desorption behavior of iodine 
adsorbed in the target chamber and iodine adsorbed in the recluster chamber. 
This indicates that there seems to be no change of the chemical properties of 
the observed iodine species when it is heated to 950 'C in the reclustering 
device. Also no significant modification of the chemical properties of iodine was 
found when hydrogen as a chemical agent was added. Even though the che
mical form of 136l is still unknown, we assume it to be HI. 
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Fig. 41: Desorption curves of iodine adsorbed on carbon and 
silver aerosol particles. 

As mentioned above, it is assumed that an isotope once desorbed from a par
ticle has no chance to return to another particle surface and gets lost to the 
wall. For this case the Frenkel equation is applicable: 

where 

T = <c0e-AH°/Rr (46) 

T = residence time of the particle in the desorption tube 
t0 = minimum vibrational period of the particle material 

(=10-12sforAgandforC) 
AH0 = adsorption enthalpy (=desorption enthalpy) 
R = universal gas constant 
T= desorption temperature 

x0 can be derived from the melting points of silver and graphite from th3 Linde-
mann equation via the Debye temperature (Eichler and Domanov, 1974). In our 
experiment % was about 5 s. Thus according to our experiments the graphite-
iodine system has a AHa of about -142 kJ/mol and the silver-iodine system one of 
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-184 kJ/mol. For the silver-iodine system an adsorption enthalpy of 205kJ/mol 
was found with air as carrier gas (Eichler and Domanov, 1974). 
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7. Conclusions 

A method for the absolute mass determination of agglomerated aerosol 
particles is presented. This method is based on the Inductively Coupled Plasma 
Optical Emission Spectrometry (ICP-OES) which was absolutely calibrated by 
Neutron Activation Analysis (NAA). 

Combining ICP-OES with an Epiphaniometer (EPI) and a Differential Mobility 
Analyzer (DMA) it was possible to measure in-situ and simultaneously mass, 
surface and diameter of agglomerated aerosol particles. From these 
measurements the fractal dimension of silver agglomerates produced by spark 
discharges were determined. It was found that the agglomerates are 
multifractal. 

In the free molecular regime the fractal dimension was 3 in agreement with the 
ballistic particle to cluster model given by Sutherland and Goodarz-Nia (1971) 
and Meakin (1984a). This corroborates the assumption that the coagulation of 
the primary particles (diameters between 5 and 20 nm) took place in a cold gas 
(mean free path in Ar about 70 nm). By changing the experimental conditions 
the fractal dimension remained unchanged. Only by sintering the density 
increased with increasing temperature. 

In the transition regime the fractal dimension was about 1.9. This value agrees 
within errors with the fractal dimension for the Brownian cluster-cluster 
aggregation model of Meakin (1986b). Here, the fractal dimension was 
increasing with increasing pressure and temperature. Also by increasing Ar:He 
carrier gas ratios the fractal dimension increased. In case of sintering 
(temperature increase) the effect is due to a minimization of the surface free 
energy. It was found that the structural changing rate is proportional to the 
product of sintering temperature and residence time. Therefore it should be 
possible to produce agglomerates of a well defined structure by adjusting the 
temperature, h the other two cases (pressure and Ar: He increase) the reasons 
for the increase of fractal dimension are not clear. 

In addition, an equation (eqn. (38)) was deduced which allows to calculate the 
primary particle sizes from the y-intercept and the slope (=fractal dimension) in 
the double logarithmic plot of measured agglomerate masses vs. their 
diameters. The applicability of this equation was confirmed by comparing the 
calculated and the TEM analysis measurements of primary particle diameters. 
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The region where the fractal dimension changes from the free molecular to the 
transition regime behavior depends on the Knudsen number, defined as the 
quotient of the gas mean free path and the actual primary particle radius as 
was shown by variation of the gas mean free path (by varying pressure and 
Ar:He ratio). 

In desorption experiments of 136l from silver and carbon agglomerates a 
different behavior was found. Deduced desorption enthalpies of iodine from 
graphite and silver particles were -142 kj/mo! and -184 kJ/mol, respectively. 
Moreover, it was demonstrated that the 136l attachment to particles is different 
for silver agglomerates with the same mobility, but different structures. 
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