
Production of Ultrafine Metal Oxide Aerosol 
Particles by Thermal Decomposition 
of Metal Alkoxide Vapors 

Ultrafine spherical titanium, silicon, and aluminium oxide particles 
were prepared by the thermal decomposition of their alkoxide vapors, 
produced by evaporation and subsequent heating. High-concentration 
ultrafine particles having geometric mean diameters ranging between 
0.01 and 0.06 pm and a geometric standard deviation of about 1.4 were 
obtained by varying the temperatures of the evaporator containing the 
liquid alkoxides and the reactor furnace, and the flow rate of carrier gas. 
For furnace temperatures lower than 400°C for TiO, and 1000°C for 
SiO, and AI,O,, the particles obtained were found to be amorphous. The 
observed changes in the particle size distributions due to changes in 
operating conditions were compared with those predicted theoretically 
by solving the discrete-continuous aerosol general dynamic equation 
accounting for coagulation and generation of monomer by thermal 
decomposition. The effect of monomer number concentration on the 
size distribution of generated particles was found to be qualitatively 
explained. 
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Introduction 
Ultrafine particles of diameters less than 0.1 pm are of inter- 

est because they offer excellent possibilities in the production of 
powder catalysts, ceramics, electronic devices, and many other 
items. Ultrafine particles have different microscopic physical 
properties from those of bulk material, because the number of 
atoms or molecules on the particle surface becomes comparable 
to that inside the particle. As a result, in ultrafine particles melt- 
ing points decrease, light absorption increases, and electromag- 
netic and other properties change, compared with their bulk 
material counterparts. 

At the present time, considerable effort is being expended to 
produce ultrafine particles of metals, metal oxides, and other 
metallic compounds. In most current processes particles are pro- 
duced by liquid phase chemical reaction. Gas phase production 
of ultrafine particles is currently limited to a few situations, for 
example carbon black. However, on the laboratory scale, solid 
aerosol particles have been prepared by a variety of processes 
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involving reactions of vapor molecules to produce a condensable 
product. 

Metal oxide particles have been generated by thermal degra- 
dation of metal vapors, e.g., synthesis of metallic oxide particles 
by chemical reactions of their metal chloride vapors. Matijevic 
and his coworkers have prepared TiOz particles (Vica and Mati- 
jevic, 1979) and AlzO, particles (Ingerbrethesen and Matijevic, 
1980; lngerbrethesen et al., 1983) with modal diameters rang- 
ing between 0.2 and 0.3 pm by condensing titanium and alumi- 
nium alkoxide vapors onto ultrafine AgCl particles. Metal oxide 
particles were then obtained by hydrolysis of these droplets. 
Komiyama et al. (1984) and Kanai et al. (1985) prepared tita- 
nium oxide particles having diameters between 0.2 and 0.4 pm 
by thermal decomposition of titanium tetraisopropoxide. The 
advantage of using alkoxide liquids is that metal oxide particles 
having amorphous or crystalline structure can be produced at a 
relatively low temperature. Production of ultrafine metal oxide 
particles having diameters smaller than 0.1 pm has not been pre- 
viously reported. 

In this work, the production of ultrafine particles of titanium 
oxide, aluminium oxide, and silicon oxide by the thermal decom- 
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position of their alkoxide vapors has been studied experimental- 
ly. The size and number concentration of the ultrafine metallic 
oxide particles produced are measured by the size-analyzing 
method recently developed by Kousaka et al. (1985a). The 
particle size distributions are measured by means of a differen- 
tial mobility analyzer combined with a condensation nucleus 
counter, and the particle number concentrations are countcd 
independently by an ultramicroscopic system after enlarging 
their size in a particle size magnifier. Particles are  also collected 
by using an electrostatic precipitator in order to analyze their 
shape, crystal structure, and chemical composition by electron 
microscopy, X-ray diffraction, and infrared spectrophotometry. 
Experimental results on particle size and number concentration 
of the particles produced have been compared with the solution 
of the discrete-continuous general dynamic equation for aerosols 
accounting for Brownian coagulation and monomer generation 
by chemical reaction. 

Particle Generation System 

Figure 1 shows a schematic diagram of the particle genera- 
tion system used in this study. The system consists of a drying 
column, a vaporizer, a tubular furnace, a particle size magnifier 
(PSM), a differential mobility analyzer (DMA) and a mixing 
type condensation nucleus counter (CNC). Since the alkoxide 
vapor reacts sensitively with water vapor or oxygen gas, nitrogen 
gas was passed through the drying column (containing silica gel, 
calcium sulfate, and magnesium perchlorate) and the deoxidizer 
(containing powder of activated copper) to obtain a dry carrier 
gas. The metal alkoxide liquids-titanium tetraisopropoxide 
(TTIP), Ti (OC3H,)& silicon tetraethoxide (STE), Si (OC2H,),; 
and aluminum tri-sec-butoxide (ATSB), Al(OC,H,),-were 
maintained in a heated glass container that served as the vapor 
source. The laboratory nitrogen supply was regulated by a pres- 
sure regulator, cleaned by filters, and metered and delivered to 
the evaporator. Nitrogen gas having a higher temperature 
(about 30 to 4OOC) than that of the vapor is added to avoid con- 
densation loss of the metal alkoxide vapor before entering the 
reactor furnace. 

drying column 
f i l te r  

Table 1 gives the physical properties of the three alkoxides 
used in the experiment. Judging from the vapor pressures of the 
alkoxides, the temperature of evaporator were maintained at 
40°C for TTIP, IOOOC for ATSB, and 0°C for STE. 

The alkoxide vapors thus obtained were continuously intro- 
duced into the high-temperature furnace of 30 cm length and 13 
mm dia. a t  flow rates ranging from 0.3 to 4 L/min. This furnace 
was thermostated with a voltage-regulated heating tape, and its 
temperature was maintained between 400 and 900°C. Figure 2 
shows the general physics of the gas-to-particle conversion pro- 
cess that is expected to occur in the furnace. The metal alkoxide 
vapor is thermally decomposed to produce supersaturated metal 
oxide vapor. If this supersaturation of metal oxide vapor reaches 
a sufficient level, ultrafine primary metal oxide clusters are pro- 
duced by homogeneous nucleation. Larger secondary particles 
are formed by the agglomeration of clusters and by the simulta- 
neous heterogeneous condensation of vapor molecule on clus- 
ters. 

The thermal decomposition of titanium, silicon, and alumi- 
nium alkoxide vapors takes place in the furnace according to the 
following reactions, 

Ti(OC3H7)4 - TiO, + 4C3H6 + 2H,O 

Si(OC2HJ)4 - SiO, + 4CzH4 + 2 H z 0  

2AI(OC4H,), - A1203 + 6C4Hs + 3H,O (1) 

As seen from the above reactions, the thermal decomposition 
will produce water vapor and gaseous ethylene, propylene, and 
butylene, respectively, with the gaseous metal oxide. Measure- 
ment of the concentrations of ethylene, propylene, and butylene 
allows the reaction rates to be determined quantitatively. In the 
case of the formation of titanium oxide particles, Komiyama et 
al. (1984) and Kanai et al. (1985) suggested that the thermal 
decomposition rate of TTIP was approximated by the 0.5-order 
reaction and that the particle formation was catalyzed by the 
TiO, deposit on the reactor wall. However, the detailed reaction 
mechanism of Eq. 1 has not been clear until now. 

The analysis of particle size and number concentration of 

observation c1 
evaporator 

Figure 1. Experimental system for producing ultrafine metal oxide particles. 
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Table 1. Physical Properties of Metal Alkoxide 

Ti(OC,H,h Si(OC2Hd4 A I ( O C ~ H ~ J  
~ ~ . _ _ _ -  .. .~ 

Molecular wt., g/mol 284.3 208.3 246.3 
Equilib. vapor press., mm Hg 
Density, g/cmJ 0.9555 0.935 0.967 

I n p  = 19.3 ~ 5,555/T Inp = 23.9 - 9,809/T Inp = 21.2 ~ 7,13O/T 

Latent heat of vaporization, cal/g 35.21 54.9 

SI conversion: J = cal x 4.19 

ultrafine aerosol from the furnace was carried out by two dif- 
ferent methods. Particle size distributions were determined by 
electrostatic size analysis using a differential mobility analyzer. 
A portion of the aerosol was sampled and introduced into the 
DMA, and the number concentration of the classified aerosol 
was measured by means of a mixing type condensation nucleus 
counter (Kousaka et al., 1982). This procedure allows one to 
obtain the electrical mobility distribution. The particle size dis- 
tributions were then determined by converting the electrical 
mobility distribution using Hoppel’s method (Kousaka et al., 
1985b) where the stationary bipolar charge distribution ob- 
tained from the bipolar charging theory of Fuchs (Adachi et al., 
1985) was used. On the other hand, the remainder of the aerosol 
was passed through a diluter where N, gas was circulated in 
order to dilute the aerosol to about one-tenth. Then the particle 
number concentration of the diluted aerosol was counted inde- 
pendently by an ultramicroscopic system after enlarging the 
particles in a particle size magnifier (Okuyama et al., 1984). In 
the PSM, the ultrafine aerosol is continuously mixed with high- 
temperature air containing vapor of dibutylphathalate, which 
condenses on the feed aerosol to give stable droplets of about 1 
Km that can be counted by an ultramicroscope. The number con- 
centration of grown droplets was measured by observing the 
droplets in an observation cell using a TV camera with a He-Ne 
laser beam (25 mW) to illuminate individual aerosol particles. 

The particles were also captured by a parallel plate electro- 
static precipitator after charging with unipolar ions. Radioac- 

tive Am-241 was used to produce bipolar ions throughout the 4 
cm penetration depth in air of the Am-241 a ray (Adachi et al., 
1985). A constant electric field was applied to extract the highly 
mobile negative ions from the gas in order to achieve unipolar 
diffusion charging of the particles. 

Transmission electron micrographs of aerosol particles col- 
lected under different conditions were made with an IS1 Super- 
mini scanning electron microscope (SEM) apparatus. Finally, 
the infrared spectra of the generated aerosols were observed 
with an 1R spectrophotometer (Model 260-50, Hitachi Co. 
Ltd.) in the range 4,000 to 250 cm-’ at room temperature. The 
measurements were made on particles dispersed in KBr pellets 
(about I .5 wt. %). X-ray diffraction measurements were carried 
out at room temperature with a Rigaku Denki Roter-frex dif- 
fractometer. 

Most of experiments on thermal decomposition of alkoxide 
vapor were carried out using one furnace, but in  some experi- 
ments a second furnace having the same inner diameter and 
length as the first one was added. Since temperature governs the 
rate of the thermal decomposition of metal alkoxide vapor and 
particle formation, the temperature profile was measured a t  the 
center of the furnace by a thermocouple probe. Figure 3 shows 
the temperature distribution for two different operating temper- 
atures (400 and 600°C). It was found that temperatures tended 
to increase and decrease rather symmetrically up and down the 
furnace. When the second furnace, having a constant tempera- 
ture of 3OO0C, was added, the temperature at the back part of 
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Figure 2. Particle formation in furnace. 
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Figure 3. Temperature profile inside furnace. 

the first furnace decreased less drastically. The effect of the 
reactor temperature distribution on the rate of particle forma- 
tion was examined by adding the second furnace. It was found 
that there existed no significant difference between reactor tem- 
perature distributions for flow rates varying from 0.3 to 4 L/ 
min. 

Properties of Generated Particles 

TiO, aerosol particles 
Figure 4 shows the size distributions of the TiOz particles gen- 

erated as a function of furnace temperature. In this series of 
experiments, the temperature of the evaporating liquid was 
4OoC, and the flow rate of carrier gas containing vapor was 50 
cm'/min. The nitrogen gas was added at  a flow rate of 950 cm'/ 
min. We note that the particle size distribution of the aerosol 
generally is less than 100 nm (0.1 pm). Since a higher concen- 
tration of TiO, vapor can be obtained from thermal decomposi- 
tion a t  a higher temperature, the particle size distribution shifts 
to larger sizes as the reaction temperature is increased. 

Figure 5 shows the changes in size distribution of the TiO, 
aerosol due to changes in the feed vapor concentration of metal 
alkoxide. In this series of experiments the alkoxide vapor is pro- 
duced at  a temperature of 4OoC, while the flow rate of vapor is 
varied from 50 to 100, 150, and 200 cm3/min, and the nitrogen 
gas was added at  950, 900, 850, and 800 cm3/min to maintain 
the total flow rate of gas in the furnace constant a t  1 L/min. The 
temperature of the furnace was maintained at  400OC. As 
expected, particles grow larger as the concentration of the 
alkoxide vapor, C,,, is increased. 

The tables with Figures 4 and 5 show the changes in geomet- 
ric mean diameters dpk geometric standard deviation us, and 
number concentration of the generated particles N,. The values 
of geometric mean diameter and geometric standard deviation 
were obtained by plotting the experimental data on a log normal 
probability graph. The values Y shown in the last column indi- 
cate the percentage conversion of metal oxide vapors to aerosol. 
The quantity of metal oxide vapor has been calculated by 
assuming that the thermal decomposition is complete and that 
the carrier gas from the evaporator is saturated with alkoxide 
vapor. This quantity can be compared with the converted 
amount of metal oxide vapor calculated from the volume con- 
centration of product particles and density of oxide particles. 
The total particle volume V was obtained by (Seinfeld, 1986), 

dp [nrnl 
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Figure 4. Change in size distribution of TiO, aerosol par- 
ticles with reaction temperature. 

where In d, = In dpg + I .5 ln2 ur 
As seen from the values of the yield Y, the percentage of vapor 

converted to aerosol varies from about 3% to over SO%, depend- 
ing on the reaction conditions. 

Figure 6 shows the effect of flow rate on the size distributions 
(geometric mean diameter and geometric standard deviation) 
and particle number concentrations at a constant flow rate ratio 
of both gases (carrier gas including the saturated vapor and gas 
added for the dilution) a t  1:19. We see that the particles grow 
increasingly with decreasing total flow rate of gas in the fur- 
nace. The aerosol number concentrations and size distributions 
do not change until the flow rate of gas exceeds I L/min. Figure 
7 shows how the particle size distribution and number concen- 
tration depend on the furnace length. We see that with the addi- 
tion of the second furnace the total particle number concentra- 

k t y  #,;:; dw[nml 6, [ - I  Nt [cm31 V ?/-I 

0 1 05 1 49 8 8 5 x 1 0 '  

0 2 1 0  3 6 0  1 5 6  8 6 2 x 1 0  1 1 7  

Figure 5. Change in size distribution of TiO, aerosol par- 
ticles with TTlP vapor concentration. 
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Figure 8. IR spectrum of TiO, particles. 

Figure 6. Effect of flow rate on particle generation. particles are found to be TiO,, irrespective of the furnace tem- 
perature. It is also seen that other absorptions a t  1,630 and 
3,400 cm-' are due to water; their intensity tends to decrease 
with increasing furnace temperature. Thus, the quantity of con- 
densed water tends to increase with the larger surface area of 
smaller particles that were obtained at  lower furnace tempera- 
tures. 

The X-ray diffraction patterns of the particles are shown in 
Figure 9. Compared with the standard anatase-type TiO,, the 
particles produced at  temperatures above 5OOOC are found to be 
anatase, whereas the particles produced at  400°C are amor- 
phous, without the clear peaks. 

S O ,  aerosol particles 
Figure 10 shows the changes in SiO, particle size distribu- 

tions due to changes in furnace temperature. In this series of 
experiments the temperature of the vaporizer is OOC, the flow 

tions and geometric standard deviations do not change, but that 
only the geometric mean diameters increase. The TiOz vapor 
produced by chemical reaction will deposit due to thermophore- 
sis after the exit of furnace. The nucleation process, determining 
the number concentration of generated particles, is complete in 
the first furnace. Thus, the number concentration should not be 
influenced by the addition of the second furnace. However, the 
vapor that does not deposit on the pipe wall after the first fur- 
nace will condense on the particles generated in the first fur- 
nace, and the geometric mean diameter of the particle popula- 
tion will therefore increase. 

The I R spectra of TiO, particles produced at  furnace temper- 
atures of 400,500, and 600°C, together with the IR spectrum of 
the standard anatase-type TiO,, are shown in Figure 8. Since 
the large absorptions between 400 and 1,000 cm-' typically 
indicate TiO, as seen from the TiO, reference, all the produced 

I 

I I 1 

LOO 'C 

Tf ["CI 
Figure 7. Effect of furnace length on particle genera- 

tion. 
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Figure 9. X-ray diffraction pattern of TiO, particles. 
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Figure 10. Change in size distribution of S O z  aerosol par- 
ticles with reaction temperature. 

key 
0 
‘3 

rate of carrier N, gas is 30 cm3/min, and the N, gas dilution 
flow is 970 cm’/min. We note that the particle sizes increase 
with the temperature of the furnace, and the particles are all 
smaller than 0.1 pm. In this case, particles were not formed a t  
temperatures lower than 700°C. 

Figure 11 shows the changes in particle size distributions due 
to the initial concentration of STE vapor a t  a furnace tempera- 
ture of 850°C. The experimental results show the same behavior 
as in the case of TiO, production where the size distribution of 
particles shift to larger sizes as the concentration of metal alkox- 
ide vapor increases. 

T i  PC] dW[nm] 69 (-1 Nt km-3) V [*/.I 
500 14 5 192 141 x 1 0 8  63 6 
7 0 0  16 9 1 9 5  1 0 6  x108 93 6 
900 1 7 8  1 9 9  682x10’ 7 0 2  
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Figure 11. Change in size distribution of SiOz aerosol par- 
ticles with STE vapor concentration. 
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The particles produced were found to be SiO, from the IR 
spectra, but the particles were found to be amorphous in all 
cases. 

Al,O, aerosol particles 
Figure 12  shows the changes in A1,0, size distribution due to 

change in furnace temperature. In this series of experiments 
ATSB evaporated at IOOOC was supplied at  10 cm’/min, with 
the N, gas added at  990 cm3/min. Although the particles are 
found to be smaller than 0.1 pm, the variation of the size distri- 
bution is found not to be as large as that associated with produc- 
tion of TiO, and SiOz particles. From the IR spectra and X-ray 
diffraction patterns of the produced particles, they are found to 
be A120, in the amorphous state. 

Electron micrographs of ultrafine particles 
Figure 13 shows transmission electron micrographs of TiO,, 

S O 2 ,  and A1,0, particles dispersed on TEM mounts. The mag- 
nifications needed were 100,000-200,000X. It is seen that the 
primary particles range from 0.01 to 0.06 pm, and that thcse 
particles almost agree with the results measured by the differen- 
tial mobility analyzer. Although there exist some agglomerated 
particles, we note the absence of long chain aggregates. 

Simulation of Aerosol Evolution in Furnace 

As shown in the diagram of the particle production process in 
Figure 2, particles may vary in size from vapor monomer to clus- 
ters (collections of molecules) to larger particles. The evolution 
of these particles occurs as a result of cluster-cluster and par- 
ticle-particle collisions and individual cluster or particle growth 
due to accretion of vapor molecules. The vapor molecules are 
produced by the thermal decomposition occurring in the fur- 
nace. 

Figure 12. Change in size distribution of AI,O, aerosol 
particles with reaction temperature. 
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Figure 13. Transmission electron micrographs of pro- 
duced ultrafine particles. 
a. TiO, particles at reaction temperature 400T 
b. S O ,  particles at reaction temperature 9 0 0 T  
c. AI,O, particles at reaction temperature 700°C 

The dynamic behavior of the monomer, clusters, and particles 
in the gas-to-particle conversion process is described by the aer- 
osol general dynamic equation (GDE) (Gelbard and Seinfeld, 
1979; Seinfeld, 1986). Since monomer will be produced by the 
thermal decomposition and may exist throughout the furnace, 

the discrete-continuous GDE derived by Gelbard and Seinfeld is 
considered to be most appropriate. The interactions involving 
monomer, clusters, and particles is shown in Figure 14. When 
the number of monomers composing the particle is less than 
some value k ,  the number concentration of these clusters having 
i monomers is expressed by the discrete concentration, N(u, ,  t ) ,  
whereas the number concentration of particles having mono- 
mers exceeding 2k + I is characterized by volume v in the con- 
tinuous expression as n,(u, t ) d  In v(=n(u ,  t ) d u ) .  Particles inter- 
mediate between discrete clusters and continuous particles 
whose monomer numbers range from k + 1 to 2k are character- 
ized as n(v,, t)v,, where u1 is the volume of monomer. 

The balance of monomer concentration [volume is 7i1 and its 
number concentration is N(v , ,  t ) ]  is 

For clusters [volume is u,, 2 5 i 5 k ;  number concentration is 
N ( v , ,  t ) ] ,  the basic conservation equation is 

For cluster-particle intermediate particles [volume is zii, k + 1 5 

i i 2k; number concentration is n(ui, t ) u , ] ,  the basic conserva- 
tion equation is 

For continuous particles [volume is 71(>vZk + v, /2);  number 
concentration is n,(v, t ) d  In v], the basic equations are 

COAGUL AT1 0 N 

M 0-0 w d3-@ 

e- 
monomer c l u s t e r  &Iuster-porticle&-. p a r t i c l e  
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I 
I 

I 
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I s i l k  I k + l < i l 2 k  i L 2 k +  1 
I 
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Figure 14. Representation of monomer, clusters, and particles used in discrete-continuous general dynamic equation. 
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+ 

n,(v - u, 1 )  
X n ( u ,  t )  du, 

u - u  

nr(v - u, t )  nl(u, t )  d In u, 
7) - u 

-nr(v, t ) L ( v ,  t )  

Here, L(u', t )  can given by 

L ( d ,  t )  = 2 K ~ ( u ' ,  z ) j ) N ( ~ j ,  t )  + Ju2k+u"2  K,(u', U) 
j -  I v1+ I -u,/2 

x n(u,  t )  du + K,(v', u)nl(u, t )  d In u 
L:"l,2 

In Eq. 3 ,  S o ( v l , t )  is the generation rate of monomer by the 
chemical reaction. When the thermal decomposition of metal 
alkoxide vapor in the furnace is assumed to be expressed as a 
first-order reaction, the chemical reaction rate can be given by 

rp = dC,/dt = -dCA/dt = kACA ( 8 )  

where C, is the concentration of metal oxide monomer, C, is the 
monomer concentration of metal alkoxide vapor, and k ,  is the 
reaction rate constant. Accordingly, S,(v,, t )  can be given by 

where C,, is the concentration of alkoxide vapor supplied to the 
furnace and Mp is the molecular weight of metal oxide par- 
ticles. 

In the derivation of Eqs. 3-7 the following assumptions are 
made: 

1 .  The velocity profile of gas in the furnace is flat, and the 
residence time t corresponds to z/u,, where z is the length from 
the inlet of the furnace and u, is the average flow rate of gas. 

2. Particles are spherical and electrically neutral. 
3. Particles collide with each other to form single new spheri- 

cal particle whose mass is the same as the combined mass of two 
smaller particles. 

4. Particle deposition onto the furnace and pipe walls is negli- 
gible. 

5. Evaporation of monomer from clusters or particles can be 
ignored because of the very low values of saturated vapor pres- 
sure and surface tension. 

For the Brownian coagulation coefficient of spherical par- 
ticles with volumes u and u', K,(v, u'), the Fuchs ( 1  964) interpo- 
lation formula, which expresses the coagulation rate function for 
the whQle range of Knudsen numbers, was used (Seinfeld, 
1986). The effect of van der Waals forces on the coagulation 
rate was not included. Since the evaluation or van der Waals 
forces for metal oxide particles is not available, this effect was 
not considered in simulating the data. 

Since the discrete-continuous GDE cannot be solved analyti- 
cally, the following numerical approximation method is em- 
ployed. In this equation, the value of k is given as 25 and the 
maximum size of particles is 0.2 wm. The particle volume range, 
from particles having 2k + 1 monomers to the largest particle of 
0.2 pm, is divided into 50 segments on a logarithmic scale. The 
set of simultaneous ordinary differer.tial equations resulting are 
integrated by the Runge-Kutta-Merson method. The integrals 
in the equations are evaluated by the 40-point Guassian- 
Legendre quadrature formula. As a check of the accuracy of the 
numerical solution, the total volume of the aerosol was calcu- 
lated under coagulation-predominant conditions and its differ- 
ence from the inlet value was found to be within 5%. 

Figures 15-1 7 respectively show comparisons of the predicted 
particle size distributions with the experimental results for TiO,, 
SO,, and Al20, particles. In the conditions of this case, the 
metal alkoxide vapor supplied to the furnace is almost com- 
pletely converted to metal oxide vapor, as seen from the value of 
yield Ybeing about 100% from the tables below Figs. 4, 10, and 
12. Accordingly, the initial concentration of the metal alkoxide 
vapor supplied to the furnace C,, was calculated from the vapor 
pressure. In Figure 15, the broken-line curves were obtained by 

dp [nml 
Figure 15. Comparison of calculated and experimental 

size distribution of produced TiO, particles. 
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Figure 16. Comparison of calculated and experimental 

size distribution of produced Si02 particles. 

assuming the first-order thermal decomposition rate constant k ,  
to be lo2 s I ,  and the solid curves were obtained by assuming 
that the thermal decomposition is sufficiently rapid to terminate 
the thermal decomposition at the inlet of the furnace. In the case 
when the rate constant k ,  is lo2 s-’, the thermal decomposition 
ceases within about 0.2 s. As seen from both calculation results, 
there exists a large difference in the change of particle size dis- 
tribution until the thermal decomposition is tcrminated. After a 
sufficient lapse of time, both changes in size distribution are 
found to agree well with each other. It is seen that the measured 
size distributions agree reasonably well with those predicted for 
the actual residence time of 2 s. This essential agreement indi- 
cates that coagulation is the fundamental phenomenon deter- 
mining particle formation by the thermal decomposition of 
metal alkoxide vapor. In other experimental conditions where 
the value of yield is much less than 100% (thermal decomposi- 
tion of metal alkoxide vapor was not terminated), detailed com- 
parison is not becn possible because the reaction rate of vapor 
has not bcen well studicd. 

Conclusion 
The production of ultrafine titanium, silicon, and aluminium 

oxide particles has been studied experimentally by the thermal 
decomposition of metal alkoxide vapor in a furnace, and the fol- 
lowing conclusions are obtained. 

1. Ultrafine Ti02, SO, ,  and A1,0, particles having geomet- 
ric mean diameters ranging between 0.01 and 0.06 Km and geo- 
metric standard deviation of around 1.4 can be obtained, and 
particle size distributions can be controlled by the feed concen- 
tration of metal alkoxide vapor and the reactor furnace temper- 
ature. 

2018 December 1986 

dp [nml 
Figure 17. Comparison of calculated and experimental 

size distribution of produced AI,O, particles. 

2. Particles generated are amorphous at  furnace tempera- 
tures lower than 4OOOC for TiO, particles, and 1 ,OOO°C for SiO, 
and A120, particles. 

3. Under conditions where the thermal decomposition of 
metal alkoxide vapors ceases in an early stage, the measured 
particle size distributions from the reactor furnace can be quali- 
tatively explained by numerical solution of the discrete-continu- 
ous general dynamic equation and indicate that coagulation is 
the dominant process. 
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Notation 
C, 3 monomer concentration of metal alkoxide vapor, mol/ 

C,, = concentration of alkoxide vapor into furnace, mol/cm’ 
C, = concentration of produced metal oxide monomer, mol/ 

dp = particle diameter, cm, pm, nm 
dPB = geometric mean diameter, cm, nm 
d, = mean volume diameter, cm, nm 
F = volume flow rate of gas, cm’/min 

cm3 

cm3 

i = number of monomer 
K,(u, TI’) = Brownian coagulation rate function for two particles of 

volume V and V’, cm’/s 
k = maximum monomer number of clusters 

k ,  = reaction rate constant, s - ’  
Mp = molecular weight of particle, g/mol 
N, = total particle number concentration, partic\cs/cm3 

L( V‘, 1 )  = defined in Eq. 7 
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N(u, ,  t )  = number concentration of clusters, particles/cm3 
n ( o , ,  t ) u ,  = number concentration of cluster-particles, interme- 

diate particles, particles/cm’ 
n,(v, t ) d  In u = number concentration of particles, particles/cm3 

p = equilibrium vapor pressure of metal alkoxide, mm Hg 
rp = chcmical reaction rate, mol/cm3 . s 

S,(v,, f )  = generation rate of monomer by chemical reaction, par- 
ticles/cm’ . s 

T = absolute temperature, K 
T, = temperature of furnace, “C 

t = time, s 
u,, = Average flow rate of gas, cm/sec 
v = total particle volume concentration, cm3/cm3 
17 = particle volume, cm3 
u, = particle volume having i monomers, cm3 
Y = concentration ratio of supplied metal oxide vapor to 

z = length from inlet of furnace, cm 

0 = diffraction angle, degrees 

produced particles, % 

AN/A In d, = particle size distribution function, particles/cm3 

p p  = particle density, g/cm’ 
ua = geometric standard deviation 
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