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Metallic aerosols are encountered in many fields. For example, aerosol methods are used 

in industry to produce ceramics, optical fibers, catalysts and paint opacifiers with better qualities 

than those produced by the traditional methods'. However, undesirable toxic metallic aerosols 

are also generated every day fiom sources such as waste incinerators, utility boilers, open hearth 

firnace and smeltersz3. Whether desired or undesired aerosols are generated, the common point 

of these processes is that these metallic aerosols are generated at high temperatures through 

chemical reactions followed by aerosol mechanisms (nucleation, condensation, coagulation and 

sintering). Consequently, in order to produce powders of desired properties and sizes or to 

prevent the formation and release of toxic metallic particles, it is necessary to understand the 

formation mechanisms of these metallic aerosols. 

A number of studies have been conducted to understand the formation and fate of metallic 

aerosols in high temperature systems. Although experiments are imperative, modeling such 

systems is also necessary to better understand the roles of the various mechanisms as well as for 

further application. Among the various physical and chemical characteristics of aerosols, the 

particle size distribution is the critical one that describes the aerosols. Several approaches have 

been proposed to predict the evolution of particle size distribution. Discrete models can describe 

precisely the evolution of the aerosol size distribution, but the constraints of time and data storage 

limit the simulation to a few milliseconds even on supercomputers4. Models applying continuous 

size distribution such as l o g - n o d  size distribution' are commonly used. However, such models 

are not accurate if used to account for the early stage of particle formation due to the mismatch of 
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the presumed distribution. An alternative approach is the sectional model6, in which particles 

witkin a size range are grouped into one section. There is no need to make an assumption on the 

shape of the distribution. The sectional model has been s h o h  to be effective for modeling 

atmfospheric aerosols. Nevertheless, it can not accurately describe the aerosol formation stage 

that is important to metallic systems at high temperatures. This leads to the development of the 

discrete-sectional model'. In the discrete-sectional model, discrete representation counting 

particles as multiples of monomers is used for the small regime to accurately account for particle 

formation. Sectional representation, on the other hand, is still used for large particles to save 

computational time for practical applications. In the first discrete-sectional model developed by 

Wu and Flagan', geometric approximation for the section spacing used in the sectional model6 

was applied to simplify the calculation of the coagulation kernels which unfortunately limited the 

resolution. Landgrebe and Pratsinis' removed this limit by using a graphical approach which 

allowed the use of arbitrary section spacing. The accuracy of the model is thus greatly improved. 

In recent years, it has been shown that multicomponent models are in need because 

mul.ticomponent systems are often encountered. Gelbard and Seinfeldg developed a 

mullticomponent model (MAEROS) based on sectional representations. MAEROS has been 

extcmsively used ranging &om atmospheric aerosols to combustion aerosols. Though, as in the 

single component sectional mode, MAEROS is not able to handle processes occurring at cluster 

levels which is important to metallic aerosols at high temperatures. Biswas et al." developed a 

discrete-sectional model for multicomponent metallic systems at high temperatures which 

paralleled the approach by Landgrebe and Pratsinis'. They discussed the roles of chemical 

reaction, nucleation, condensation, coagulation and saturation pressure in an iron-silicon system. 
I 
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In this work, the multicomponent discrete-sectional model by Biswas et al. lo will be used 

to study the interplays of chemical reaction, nucleation, condensation, coagulation and saturation 

pressure in a lead-silicon system. Lead is a volatile metal that is abundant in the coal matrix. Due 

to its toxicity, its emission is regulated in the 1990 Clean Air Act Recent 

studiesf4, meanwhile, have shown that silicon is effective in removing lead compounds in 

combustion systems. Therefore, modeling the lead-silicon system will help to understand the lead 

removal process and the interplays of various mechanisms. 

MODEL DEVELOPMENT 

The General Dynamic Equations (GDEs) for the multicomponent discrete-sectional model 

have been developed elsewhere" and are listed in Table 1A for completeness. The collision 

fiequency finctions are also listed in Table 1B. 

The model is applied to an Pb-Si system based on the experiments performed by Biswas et 

al.14 The experimental set-up for the studied system is shown in Figure 1 which is similar to the 

one described in McMillin et aL15 In this system, Planar Laser Induced Fluorescence (PLE) was 

used to monitor the PbO vapor concentration. Elastic light scattering was also measured to 

monitor the integral particle scattering which is proportional to the total particle volume square 

concentration in the Rayliegh regime. 

Figure 2 shows the entire particle formation mechanisms proposed for this system. Two 

conditions are studied. The first one is Pb feed only and the second one is Pb+Si feed. For the 
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first condition, PbO vapor is formed by instant decomposition of the precursors (Pb(CzH&) 

followed by oxidation described by a first order rate equation with the rate constant to be kl. 

Because there are no rate data available for Pb(CZH&, an alternative approach is used by fitting 

the simulation to the experimental PbO vapor concentration profile at early stage (around 0-2 ms). 

At early stage, nucleation and condensation do not significantly affect the vapor concentration, 

and the vapor concentration profile is established mainly by oxidation. Consequently, the 

oxidation rate can be determined by this approach. The PbO vapor thereafter nucleates to form 

dimers according to a second order rate equation with the rate constant to be k2. Since there is no 

nucleation data for lead oxide formation, the nucleation rate is obtained by fitting the PbO vapor 

concentration data for the middle stage (about 2-4 ms in this system). At this stage, oxidation is 

not important anymore because the precursor has almost been transformed into PbO. Meanwhile, 

condensation is not dominant because particles are still too small with low concentration. The 

only mechanism that affects the vapor concentration profile, thus, is nucleation. After they are 

formed, the particles then grow by coagulation and vapor condensation considering Kelvin effect. 

The coagulation and condensation rates are determined by those equations listed in Table 1. 

Shularly, the mechanisms proposed for lead compounds also apply to silicon compounds. The 

oxidation rate is taken from the literature using the rate for Sic&''. The nucleation rate is 

detlermined by ab  initio calculations". Due to its high boiling point, Si02 monomers are assumed 

stable particles which hence coagulate with other sizes. To simpli@ the system, particles are 

assumed to coagulate only with particles of the same species in the discrete size regime. That is, 

PbO particles do not coagulate with Si02 particles. In the sectional regime, they do coagulate 

with other species to form mixture particles. In addition, PbO vapor can also condense on the 
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section particles. To account for the &ty of PbO vapor condensing on silica surface, an 

accommodation factor is also used. Physically, this accommodation factor represents the fiaction 

of the effective condensation of PbO on the section particles. As the accommodation factor can 

nocbe determined in prior, it is determined by fitting the PbO vapor concentration in the Pb+Si 

system. 

The modeling parameters are listed in Table 2. The model is developed in form of the &, 

aerosol volume moment where the choice of 6 represents what integral property is conserved 

(siswas et al., 1995). The total number is conserved when 6 = 0; the total volume is conserved 

when 5 = 1 and the total volume square conserved when 5 = 2. As the vapor concentration is 

concerned, 5 = 1 is used in this work. 2000 K temperature is used as the system is found to be 

isothermal in the measured range. 

RESULTS AND DISCUSSIONS 

Figure 3 shows the model predictions and the experiment results. The solid line represents 

the measured PbO vapor concentration of Pb only case; the dotted line represents the measured 

PbO vapor concentration in the presence of silicon. The bold solid lines represent the predicted 

PbO vapor concentrations. As shown, the simulations agree well with the experimental results 

indicating the proposed mechanisms to be reasonable. 

The nucleation rate for PbO at 2000 K was determined by fitting the simulation to the 

experimental data. The maximum saturation ratio (S, vapor pressure/saturation pressure) in this 
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system was calculated to be 3x10". According to the classical theory, nucleation will be initiated 

only at supersaturation conditions (S>l). However, the experimental results clearly indicate the 

presence of nucleation. Apparently, the classical theory breaks down for this system. Thus, an 

alternative approach to predict the nucleation rate is necessary. This can be done by molecular 

dynamic or Monte Carlo simulations from the molecular scale which are being examined 

currently. 

The boiling point of PbO is 1745 K". Consequently, there is no condensation in the Pb 

only system, and the concentration profile is established by oxidation and nucleation only. The 

concentration difference between the PbO and PbO-Si02 systems, on the other hand, is due to the 

chemisorption of PbO on the Si02 surface which is modeled as condensation with an 

accommodation factor. The value of the accommodation factor is determined to be 0.01. Ulrich 

and lXiehl'g pointed out the value to be 0.004 for pure silica particles and around unity for lead 

compounds. Hence, the value obtained fiom the simulation in this work is in good agreement 

with previous studies. 

The rather flat curve between 4.5 and 6 ms in the Pb only system indicates that equilibrium 

has been achieved. Nevertheless, this can not be explained fiom the bulk properties such as the 

boiling point or vapor pressure. The particles produced in flame reactor are of extremely small 

size ([nanometer size) as indicated by the weak particle light scattering. Nanosized particles have 

been know to have different properties from the bulk materials. The simulations here hrther 

elucidate the difference and indicate the need for studying the nanosized particles. 

In this work, the system is simulated as an isothermal system. The rapid concentration 

decreases at the later stage may suggest a temperature drop. As no fbrther information is 
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available for this stage, this was not considered in this work. Reducing the temperature will result 

in higher nucleation and condensation rates. The effects are discussed in Biswas et al. lo 

SUMMARY 

A multicomponent discrete-sectional model was used to simulate the fate of lead in a high 

temperature system. The results show the ability of the developed model to simulate metallic 

aerosol systems at high temperatures. The PbO reaction and nucleation rate can be determined by 

comparing the simulations and the experimental data. Condensation on Si02 particle surfaces is 

found important for removing the PbO vapor. The value of the accommodation factor that is 

applied to account for nonidealities in the condensation process are determined. The differences 

between the nanosized particles and the bulk particles are elucidated. The use of such a model 

helped to understand the effects of various mechanisms in determining the metal oxide vapor 

concentration profile and in establishing the ultimate particle size distribution. 
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TABLE 1A 

The General Dynamic Equations for the Multicomponent Discrete-Sectional Model for the cth Aerosol 
Moment 

Other discrete sizes 

First section 

Other sections 

Precursor 
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Aerosol population function of vapor or the first discrete size of species m 
Aerosol population function of discrete size i of species m 

Aerosol population function of section k 

Saturation aerosol population function of species m on the surface of discrete size 
4 ~ 1  m 

kBTdk 
QkJat(= 

Saturation aerosol population function of species m on the surface of section k 
Speciation variable 

Volume of vapor or the first discrete size of species m 
Number concentration of discrete size i 

Number concentration of section k 
Saturation vapor number concentration of species m 

Population index: 0-number, 1-volume, 2-volume square 
Rate constant of vapor or first aerosol size formation from precursor of species m 

Rate constant of nucleation from vapor or first aerosol size of species m 
Molar precursor concentration of species m 

Boltzman constant 
Temperature 

Bulk surface tension of species m 
Aerosol diameter of discrete size i of species m 

Aerosol diameter of section k 
Accommodation factor for FeO 

Logical function: 0-false, 1-true 
Aerosol volume variables 
Bulk density of species m 
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TABLE 1B 

Coagulation & Condensation Collision Frequency Functions for Discrete-Sectional Model 

Dim with sk to remove sk 

Disn with Sk to remove Dim 

Larger Si with sk to remove sk 

Smaller Si with sk to form sk 

Contiensation: f lm  (u, V )  
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Table 2 

Modeling Parameters for the PbO-Si02 System 

Precursor Feed Tern kiab[O2] kzpb kl.si kzsi a 
Conc. (moVcc) p (K) (d) (cc/moVs) [o,] (cc/moVs) 
Pb Si (S-') - - - - Pb 1.94~10-'~ 2000 761 1 .5~10 '~  I 

Pb + Si 1.94~10-'~ 7 .34~10-~  2000 761 1 . 5 ~ 1 0 ' ~  1435 2 ~ 1 0 ' ~  0.01 
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