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The influence of operating parameters on the morphology of particles prepared by
spray pyrolysis was investigated using a temperature-graded laminar flow aerosol
reactor. Experimentally, zirconia particles were prepared by spray pyrolysis using an
aqueous solution of zirconyl hydroxide chloride. Hollow particles were formed if the
reactor temperature was high, the temperature gradient was too large, the flow rate
of carrier gas was high, and the initial solute concentration was low. A numerical
simulation of the pyrolysis process was developed using a combination of two
previous models. The simulation results compared well with the experimental results.

[. INTRODUCTION continuous. These advantages are realized because the
precursor salts are mixed in solution at the molecular

micrometers have important applications in the areas ofVel; after atomization, all particle formation processes
electronic materials, catalysis, and analytical chemistry?'® integrated |.n5|.de the droplet. Each droplet has the
It is important to develop a process which can producé@Me composition; thus multicomponent and composite

the particles having controlled characteristics such aBarticles can be easily synthesized by controlling the

size, morphology, composition, and others. To be induschemistry of the precursor solution. The application of

trially relevant, the process needs to be low cost with'® SPray pryrolysis process to industry is very promising

both a continuous operation and a high production rate?€cause the equipment is simple with short processing

Spray pyrolysis, a method for producing particulate madlimes on the order of a few seconds. By comparison, the

terials that combines both liquid and gas phase aeros&S€ Of conventional solid-phase or liquid-phase methods
processes, may be such a process. requires the repetition of some operations, such as calci-

Particle synthesis by spray pyrolysis involves the athation and milling, to obtain the dgsired part_icle s_izp.
omization of a precursor solution into discrete dropletsMOreover, these operations often introduce impurities
These droplets are subsequently transported through '8t the particles. _
furnace where the solvent is evaporated from the droplets USing the spray-pyrolysis method, our group has been

and the dissolved species react to form the product papreparing various functional fine particélles such as metal
ticulate. Spray pyrolysis has a number of advantges in®X1de superconductofsmetal sulfides, and recently

cluding the following: (i) the particles produced are SOMe oxide phosphorsn these papers, the relationships
spherical; (i) the distribution of their diameters is uni- P&tween physical properties of the prepared particles like
form and controllable from micrometer to submicron; MOrphology and the process conditions have been ex-
(iii) the purity of the product is high; (iv) the process is Perimentally investigated. ,

Much of the work regarding spray pyrolysis had fo-
cused on the prediction and control of the final particle

Small particles with sizes of submicron up to several

a)address all correspondence to this author. morphology. A number of investigators have reported on
e-mail: okuyama@ipc.hiroshima-u.ac.jp numerical solutions of the droplet-to-particle conversion
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process. Marshall and colleagfe¥investigated the ef- phology. Moreover, neither their modeling results nor the
fect of solvent evaporation rate on the morphology ofresults of Jayanthét al. are directly compared with ex-
dried particles by deriving the diffusion equation for the perimental results.
mass transfer of a dissovled solid inside a droplet. The Clearly, the formation of particles by spray pyrolysis is
diffusion equations presented in Marshall’'s pagevere  a complex process and is difficult to accurately model.
too complicated to be solved analytically due to the mov-The task is made more difficult by the lack of data on the
ing boundary caused by the shrinkage of the dropletchemistry and solubility of many precursors, as well as
Thus, this initial work on mass transfer inside a dropletnucleation and crystallization during precipitation. It is
employed several assumptions, which limited the use oéssential to develop a model that considers both multiple
the solutions. The difficulty involved in the calculation of droplets and changes in mass concentration within the
the moving boundary problem was greatly simplified bydroplets. Until now, this important problem has been left
van der Lijn*3 by proposing a mathematical relation for unsolved.
fixing the outer boundary. This technique enables a In this study, we present a model of the particle
simple analytical relation for calculating the solute con-formation process that is based on the models pres-
centration distribution inside a droplet. ented by Jayanthét al** and Xiong and Koda$? Our
Most of these earlier studies were qualitative in naturenodel simultaneously computes the evaporation rate
and usually examined relatively large particles of sizefrom a monodisperse population of aerosol particles
100 to 1000.m. Among the few studies for droplets of and the change of the solute concentration within the
size 10 to 10qum, Leongd proposed that limited control droplets. The change in droplet size and particle mor-
of particle morphology could be achieved by controlling phology is calculated as a function of position in the
the temperature and humidity of the carrier gas as well aseactor and process time. For experimental comparison,
the precursor solution characteristics. zirconia particles were prepared using the spray-
Jayanthiet al** applied van der Lijn’s techniqdéto  pyrolysis process at a number of operating conditions.
solve the diffusion equation inside the droplet to modelZirconia was selected because the wide application in
the evaporation and solute precipitation of @@ zirco-  industry due to its outstanding mechanical strength, ther-
nia particles. They assumed that homogeneous nucleaial stability, chemical resistance, and electrical charac-
tion would occur when the solute concentration at theteristics. In addition, values of the material-property data
surface of the droplet reached the critical supersaturatiomequired for the modeling study are available in the
After nucleation of the solid, precipitation occurs only in literature™*
the part of the droplet where the solute concentration is
higher than the equilibrium saturation. Hollow particles
result if the solute concentration at the center of the drop'—" EXPERIMENTAL PROCEDURE
let is less than the equilibrium saturation of the solute. A schematic of the experimental apparatus used to
Using their model, they predicted the morphology resultfproduce and collect the zirconia particles is shown in
ing from the spray pyrolysis of ZrOfrom zirconyl hy-  Fig. 1. The main equipment consists of (i) a nebulizer
droxide chloride, a precursor for which they hadthat converts the starting solution into microdroplets, (ii)
previously measured the values of the critical and equithe carrier gas, (i) a tubular, laminar flow aerosol reac-
librium saturations?* Their calculations considered the tor, and (iv) a sampler or precipitator. The starting solu-
effects of parameters such as process temperature and tien was atomized at a frequency of 1.75 MHz by an
initial solute concentration on the morphology of singleultrasonic nebulizer (Omron Co., Kyoto, Japan, Model
particles. They found that lower process temperaturebBlE-U11B), which was cooled with running water. The
and higher initial solute concentrations favored the forlevel of the spray solution was kept constant to ensure a
mation of dense particles. uniform generation rate of droplets. Figure 2 shows the
Of all the numerical studies of the droplet to particle equivalent volume diameter distribution of the atomized
conversion process, only one considered the effect ofvater droplets as measured by a light-scattering particle-
multiple droplets:? Their calculations were performed size analyzer (Malvern Instruments Corp., Worcester-
using sodium chloride as a model compound. They preshire, U.K., Mastersizer DPF). The average equivalent
sented calculation results for the change of solvent vaporolume diameter of solution droplets was 4.6. Wa-
concentration, droplet size, and droplet temperature duter was used as the solvent. The tubular furnace was
ing heating in a laminar flow reactor by varying valuesan alumina tube of 13-mm inside diameter and about
like the initial number concentration of ambient humid- 1000 mm long. The furnace consists of five indepen-
ity. However, their model did not consider the change ofdently controlled heating zones, each 200 mm in length,
mass concentration inside the droplets due to evaporanabling flexibility in the production of the experimental
tion. All droplets were assumed to form solid, densetemperature distributions. The temperature of each heat-
particles; no attempt was made to model particle moring zone was controlled to within 2 °C. A pre-
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FIG. 1. Experimental apparatus.
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A zirconium hydroxide chloride (ZrO(OH)CI) solution
(Nikkei-MEL, Japan-U.S.A.) was used as the precursor
for producing ZrQ particles. All experiments were per-
formed using a molar concentration of 2.0 mol/l. The
physical properties of this solution are shown in Table I.

IIl. NUMERICAL PROCEDURE: PHYSICAL
MODEL AND BASIC EQUATIONS

A schematic of the droplet evaporation and precipita-
tion process is shown in Fig. 3. The model of this process
describes both the change of droplet diameter and the
particle morphology by simultaneously considering the
evaporation of multiple droplets along a tubular aerosol
reactor and the concurrent solute concentration distribu-
tion within the droplet. Monodispersed droplets having
diameter R, number concentratiol,, and solution
concentrationC, are introduced into the reactor with
relative humidity R and ambient temperatufg, flow-
ing in either air or nitrogen at flow rat®. The reactor
has lengthL and an inner diameter ofR The reactor
wall is maintained at a temperatute,. During solvent
evaporation, the size of the droplets decreases and the
solution concentration inside each droplet increases as
the aerosol travels through the reactor. Eventually, the
solute concentration inside the droplet reaches the critical
supersaturation ratio at which point solute nucleation,
precipitation, decomposition, and other solid-state proc-
esses take place within the particle.

Figure 4 shows a schematic of how the solute con-
centration within the droplet changes during solvent
evaporation, based on the formalism proposed by Jayan-
thi et al** The graphs in Fig. 4 show how the solute
concentration varies inside the droplet. The horizontal
axis represents the dimensionless position within the
droplet, with 0 and 1 corresponding to the center and
surface of the droplet, respectively. Initially the solute
concentration inside the droplet is uniforr@gj. How-
ever, solvent evaporation causes the solute concentration
to increase at the droplet surface, forming a concentration
gradient that results in solute diffusion toward the center
of the particle. Computations are performed until the sol-
ute concentration at the droplet surface reaches the criti-
cal supersaturation (CSS). At this point, if the solute
concentration at the droplet centefR = 0) is higher

FIG. 2. Size distribution of aqueous droplets using an ultrasonicthan the equilibrium concentration (ES), the solid phase

nebulizer.

vious numerical evaluation of the reactdshowed that

will nucleate and grow throughout the entire particle,
resulting in a dense sphere. On the other hand, if the

the flow in the reactor is laminar for gas flow rates be- ' _ .
tween 0.5 to 2 I/min. The Reynolds numbers of all con-TABLE I. Physical properties of the ZrO(OH)CI solution (20 °C).

ditions performing in present study are less than 200. Thgensity Viscosity Heat capacity ES css
carrier gas used was nitrogen or air. Laminar flow is(g/cn?) (Pas) (3/(g K)) (mol /1) (mol /1)
necessary for comparison with the results of the numeri=_ 0.012 4.184 5.7 2.0
cal simulations.
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FIG. 3. Description of the simulation model.
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FIG. 4. Change of solute concentration distribution inside the droplet. CSS is the critical supersaturation concentration, and ES is tha equilibriu
concentration.

solute concentration at the center is lower than the ES, fusion. (v) The flow is laminar and can be approximated

hollow particle will form. The CSS and the ES values of as one-dimensional plug flow. (vi) The only mass trans-

agueous solution of zirconium hydroxide chloride wereports occurring in the gas phase are solvent evaporation

referred to the values which Zhang and Messfngas  and vapor diffusion at steady state. (vii) The Kelvin ef-

obtained experimentally (Table I). fect is negligible because the final particle size is larger
To model this system, several assumptions were madéhan 0.1um.*®

(i) The temperature within a droplet is uniform; however At pseudo-steady state, the evaporation rate from a

the temperature of both the gas and the droplets changingle droplet is given by

due to solvent evaporation and heat transfer from the

reactor walls. (ii) The effects of gravity and viscosity are dm  4wR,D My

negligible. (iii) The droplet maintains spherical shape, TN, T @)

and the concentration fields within the droplet are spheri-

cally symmetric. (iv) Bubble formation or pressure wheremis mass of a dropleR, is the droplet radiusD,

buildup inside the droplet is absent, and the solid crustgs the diffusion coefficient of solvent vapor, ,Nis the
formed are sufficiently permeable for solvent vapor dif- oyogadro constantV, is the
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solvent molecular weight, and, and n, are the vapor whereC(R,) is the solute concentratiomy, is droplet
concentrations at the droplet surface and in the surroundnass,R,, is droplet radius, and,, is the temperature of
ing gas, respectively. the droplet. Subscript 0 denotes the initial value. We
The rise in temperature of the droplet is given by theassume that the initial droplet temperature is equal to the

following equation derived from the heat transfer into thetemperature of the carrier gas at the inlet.
droplet gained from surrounding gas and the latent heat The boundary conditions are as follows:
of solvent evaporation: au

dTS_ 1 dm @20 aty=0 @)

e me[4prK(Tg TI]+ A prrall 2 -

AR pDsou _dm 1

whereT,is the droplet temperaturg,, is the surrounding 2 o0 , aty=1 . 8
gas temperatureg, is the droplet hgat capaciti( is the Z(1+uf oy d 4Ry
thermal conductivity of the surrounding gas, ani the By using the variables andy, the droplet radius can
latent heat of solvent evaporation. be expressed as follows:

The transport equation describing the mass transfer/
diffusion in the droplet was presented by Charlesworth R = [3_20 fl L+u dy] _ 9)
and Marshall. As discussed previously, their formula- 4w Jo  p

tion was difficult to solve numerically because of the  ag solvent evaporates from the droplets in the reactor,
moving boundary (solvent evaporation). Van der Hjn e vapor concentration of the carrier gas will increase.
simplified the calculation by using dimensionless vari-1his increase is governed by (i) the solvent vapor intro-
abley as follows: duced into the gas by droplet evaporation and (i) vapor
loss by diffusion from the gas to the reactor wall. The

)
2
B f AT ML) ar change in vapor concentration can be written as

YZTR, dn 2K,(n -
f041'r|’ M.C(r) dr d_tg = ~47R,DNofNy ~ 1) - m( s Ny,) |

whereM, is the solute molecular weight ari(r) is the (20
solute concentration at a radiusThe denominator is the
total mass of solute in the droplet, and the numerator i
the mass of solute within a radiusWhenr = 0,y = 0,
and whenr = R, y = 1. Therefore, even thougR,
decreases with time due to droplet shrinkage, the value
y stays between 0 and 1.

In order to further simplify the diffusion equation,
Jayanthiet al** suggested that the dependent variable b
changed from mass fraction of soluteupwhich is the

whereng, ng, andn,, are the vapor concentration in the

urrounding gas, at the droplet surface, and at the reactor
wall, respectivelyR is the radius of the reactor tubid,
is the droplet number concentration, agg is the vapor

ass transfer coefficient for laminar tube flow.

The temperature of the surrounding gas results from a

balance between the heat transfer to droplets and from
%he reactor wall,

ratio of mass fraction of solvei,, to the mass fraction dry, 1 oo o
of solute, dx - FC_ AT RER,Noh(Tg — To)
" ot
_ 100 - MC(r) + 2mR(T,, = T, (—) 11
= MSC([') (4) hN( w g)] dx ) ( )
Then using Egs. (3) and (4), the diffusion equationherex is the reactor axial coordinat@,, is the carrier
becomes gas molar flow rate, an@,, is the heat capacity of the
wet air.hg andh,, are the heat-transfer coefficients at the
au  16m° 9 or 40U droplet surface and at the reactor wall, respectively.
w2 Pl arael oyl ©  Assuming the cari is ideal, the droplet resid
ot Z ay (1+u?| ay ~ Assuming the carrier gas is ideal, the droplet residence
time along the reactor can be found as follows:
wherep, is the droplet density anby, is the solute dif-
fusion coefficient. dt _0.06nR* (To\ (1 -y 1
The initial conditions for the diffusion equation are as dx  Q Ty 1-vy,°) ' (12)
follows:
wheret is the residence timex is the reactor axial
_ 100Gy, - ML(R,0) m coordinate/length is the carrier gas flow ratél, and
- MLC(Ry0) T, are the temperature of carrier gas at the current posi-
=my R=Ry, Ts=Tp , (6) tion, x, and at the reactor inlek = 0O, respectively, and
J. Mater. Res., Vol. 15, No. 3, Mar 2000 737
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y,, andy, 2 are the solvent mole fraction in the carrier gas
atx andx = 0, respectively. The correction factor (1 -
y)/(1 -v,2) accounts for the change in the vapor content
of the carrier gas as a result of droplet evaporation.

The temperature gradient along the hot wall reactor,
dT,,/dx, was measured for the reactor used in the experi-
ments, andT,, was expressed as a function xfaxis ...__,..__,,_.J

length,x. The wall of the reactor does not interact with x

Ty =1000°C

the solvent, which corresponds to a no-flux condition at
the wall. For more detailed information regarding the )
parameters and properties mentioned above, see Jayanthi E‘g
et al** and the appendix of Xiong and Kod&s. X ' f T,y = 500°C
The model allows the exploration of the influence of \,/g \ \
parameters such as the reactor temperature, the wall teW W/\\««W
perature gradient, the initial solution concentration, the
initial droplet size, and the droplet number concentration
on the final particle morphology. In addition, variables
such as the droplet temperature and the solute concen-
tration distribution within the droplet can be investigated
as a function of distance along the reactor. The calcula-
tion procedure is as follows: (i) The values mof, T, u,
R, Ny, T, andx are calculated at an interval of T0s. | ‘
New values of these variables are calculated from the—. : | l : , ‘ | _1_h
previous values. These new values are used to calculate 3 3 [26] 8 g
the time derivative. The calculations are stopped Wherﬂ—'lG. 5. XRD spectra of zirconia particles at different furnace tem-
the solute concentration at the droplet surface reaches thgratures (200, 500 °C). Other experiment conditions=C2 mol/I;
critical supersaturation concentration as determined iiQ = 2 1/min.
Eq. (5). (i) Changes in mass, temperature, and radius for
a single droplet are are calculated using Egs. (1), (2), and
(9). The interior of the droplet is divided into 50 sections.the zirconia phase to be formed by thermal decomposi-
The solute concentrations in each section are calculateitbn of the precursors. The XRD patterns of the particles
using Eq. (5), and then the contribution from each sectioprepared at 500 °C show excellent agreement with the
is summed to obtain the total solute concentration distrireference spectrum (Powder Diffraction File JCPDS No.
bution inside the droplet. (iii) The changes in the vapor27-0997) of ZrQ (tetragonal phase, metastable). When
concentration and the temperature in the carrier gas dube process temperature is increased further (1000 °C),
to interactions with the droplet population are calculatedhe ZrG, phase grew and the peaks become sharper. In
using Egs. (10) and (11). The axial positions of dropletghis temperature, the XRD pattern included few peaks
in reactor tube are calculated from Eq. (12). corresponding to monoclinic phase of zirconia.
Equations (1), (2), (5), and (10)—(12) are coupled or- Figure 6 shows pictures of the zirconia particles
dinary differential equations and were solved simulta-obtained by scanning electron microscopy (SEM). The
neously using an integration tool package EPISGDE. figure shows that the particles formed at reactor tempera-
tures of 100 and 200 °C were spherical and appear solid.
However, at the higher temperatures of 300 and 500 °C,
many of the particles were disrupted. This is particularly
IV. RESULTS AND DISCUSSION the case at 500 °C. This result indicates that at high tem-
Initial experiments were performed to investigate theperatures, precipitation occurs only in the region around
influence of the reactor temperature on the crystallinghe particle surface, due to rapid solvent evaporation and
phase and morphology of the zirconia particles. The parslow solute diffusior. As solvent is depleted from the
ticles were produced from a solution concentration ofdroplet surface, the temperature will rise substantially.
2.0 mol/l and a flow rate of 2.0 I/min, at a number of Thermal diffusion is much larger than mass diffusion.
isothermal reactor temperatures. Figure 5 shows the Xlence, the solvent could be trapped in the core of the
ray diffraction (XRD) patterns of the resulting particles. droplet and heated to temperatures much above the nor-
The peaks from the particles obtained at 200 °C shownal boiling point. In fact, it is known that temperatures in
only a slight similarity to those in the zirconia phase, multicomponent droplet vaporation can exceed the limit
indicating that the reaction temperature was too low forof superheat. In that case, nucleation of the liquid solvent

Ty =200°C

Reference (JCPDS # 27-0997)
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FIG. 6. Effect of furnace temperature on the morphology of zirconia

particles: (a) 100 °C, (b) 200 °C, (c) 300 °C, and (d) 500 °C. Other 9 T T T T

experiment conditionsC, = 2 mol/l; Q = 2 |/min.

occurs with the formation of a gas bubble and subsequent 8 100 A CcSS

rd

disruption of the droplet. It is necessary to investigate< L,y
further on these mechanisms. g 7t REC AR

Figure 7 shows results of model calculations for initial — 200 e 2T
conditions of R, = 4.5um, N, = 5 x 1 cm™, C, =
2.0 mol/l, RH’ = 0%, and constant temperature distri- & 6[ . /
bution (see Fig. 8). Figure 7(a) shows the change OE 300 - / ES
droplet diameter along the reactor axis at different reacto 5 [~ / _
temperatures. Clearly solute precipitation occurred faste 7
at higher reactor wall temperatures due to faster evapo@ -
ration rates. Figure 7(b) shows the solute concentration 4} T,=500°C _ - e
distribution inside the droplet at the time of precipitation [ — — = — ©
(i.e., when the solute concentration at the surface reaches
the CSS). At reactor wall tem'peraturé”g\,, of 100' anq 30 0.2 0.4 0.6 0.8 1
200 °C, the solute concentration at the center is higher
than the ES when the surface reaches the CSS. Thus, (Bt /R
these conditions the formation of solid particles is pre-FIG. 7. Effect of furnace temperature on (a) the droplet/particle size
dicted. Conversely, at temperatures of 300 and 500 005}nd (b) the §o_|utg concentlfe}tion distribution inside the droplet at the
C.. - islower than the ES whe@.. ..reachesthe CSS time of precipitation. ConditionsD,, = 4.5 pm; C, = 2.0 mol/|;

(r=0) - . r=1 . T Q = 2.01/min; RH = 0%.
predicting hollow particle formation. This prediction
agrees with the experimental results shown in Figs. 6(c)
and 6(d), indicating good correlation between the nuproduced using the two different profiles for several car-
merical and experimental results. rier gas flow rates resulting in a number of particle resi-

To further explore the spray pyrolysis process, the efdence times and heating rates. SEM photographs of the
fect of the temperature profile within the reactor on drop-resulting particles are shown in Fig. 9. The Zn@articles
let evaporation and ultimate particle morphology wasproduced at 500 °C and a flow rate of 2.0 |/min are dis-
investigated. Figure 8 shows two different temperatureupted and hollow. Changing to either an increasing tem-
profiles, constant and increasing, used in the presergerature profile or a longer residence time has little effect
study. The temperature profiles were produced by adjus®n the final particle morphology. As seen in Fig. 9, both
ing the five heating zones. It is evident from the figurechanges in the process are necessary to shift the mor-
that the linearly increasing temperature profile will resultphology toward the production of more spherical par-
in a lower heating rate along the reactor. Particles weréicles with fewer disrupted particles.

(o)
\
\
~
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FIG. 10. Effect of furnace temperature distribution and the carrier gas
flow rate on (a) the droplet/particle size and (b) the solute concentra-

; ; ; i tion distribution inside the dropl he time of precipitation. Condi-
Figure 10 presents simulation results for the experl—:ignsc:’Btobiti’ijn ‘?‘a idz?opsgﬂﬁ;t;é ne o) precip

mental conditions shown in Fig. 9. The use of the slowly P
increasing temperature profile gives lower evaporation
rates than a constant profile for both flow rates. As a
result, this operation decelerates the onset of solute prédowever, it is difficult to carry out an experiment with
cipitation [Fig. 10(a)] and reduces the formation of hol-such a low flow rate of 0.1 1/min because the sprayed
low, disrupted particles [Fig. 10(b)]. However, as seen indroplets cannot be transported well.
Fig. 9, it is necessary to both change the temperature Figure 11 shows the simulation results of several dif-
profile and residence time to obtain solid particles atferent droplet number concentrations). It is clear
500 °C. Neither change on its own slows evaporatiorfrom Fig. 11(a) that the smaller the number concentration
rates enough for the center of the particle to reach thef droplets, the faster the onset of precipitation, increas-
equilibrium saturation at the point at which solute nu-ing the likelihood that hollow particles will form. For the
cleation occurs on the surface. A numerical simulationconditions represented in Fig. 11, a droplet number con-
with an exceedingly low flow rate of 0.1 I/min at a con- centration of 7.5 x 19cm™ should result in solid par-
stant temperature profile (500 °C) was also performedticles. However, when further increasing the number
The morphology of final particles is predicted to be solid.concentration tdN, = 2.0 x 10 cm™3, the solution con-
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20 0.2 Ol4 016 0[8 1 FIG. 12. Effect of initial droplet diameter on (a) the particle size and
: : : ; (b) the solute concentration distribution inside the droplet at the time
(b) /R of precipitation at the constant temperature distribution Wigh =

FIG. 11. Effect of droplet number concentration on (a) the particle300 °C. ConditionsC, = 2.0 mol/I;Q = 2.0 I/min; RH = 0%.
size and (b) the solute concentration distribution inside the droplet.
Conditions:D,, = 4.5um; T,, = 300 °C;Q = 2.0 1/min; RH = 0%.
Figure 12 shows simulation results for different initial
droplet diameters at a wall temperature of 300 °C with a
solution molality of 2.0 mol/l and a flow rate 2.0 |/min.
centration at the surface does not reach the ES by ththe temperature distribution of the reactor is superim-
time the droplets exit the reactor, and precipitation willposed over the evolution of droplet diameters along the
not occur. Clearly, an increase in the number concentraength of the reactor. As expected, the final particle diam-
tion of droplets will result in more evaporation and aeter decreases as the diameter of the initial droplet de-
larger solvent vapor concentration in the carrier gas. Agreases. It has been generally proposed that the use of
a result, the evaporation rate will decrease, delaying presmaller droplets in spray pyrolysis will produce solid
cipitation. Figure 11(a) also predicts that the final par-particles because the diffusion distance for the solute is
ticle diameter will increase as the droplet numbershorter, resulting in a more uniform concentration distri-
concentrations decrease. This increase is due to the faetition within the particle. A previous theoretical study
that the hollow particles that form under the lower num-concluded that the initial droplet diameter does not affect
ber concentration conditions have larger outer diametershe concentration profile inside the droplet at the time of
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precipitation because the characteristic times for diffu- 7
sion and evaporation depend in the same way on the furnace temp.

particle radius:* However, contrary to these arguments, 6~ —__ _ 4300
it is interesting to note that the formation of solid par- i /,\
~
~

ticles is predicted fod,, = 2 and 6um and the hollow iy
particles ford,, = 3, 4, or 5um [Fig. 12(b)]. As shown T~ \/ ~
T~ . d =60p.m-200
\
1100

ter [um]
[6;]
T
I
I
)

in Fig. 12(a), the reactor temperature increases rapidl
from its initial temperature to the reactor wall tempera-
ture in the first 20 cm of the reactor. For small initial
sizes, the majority of the evaporation and precipitation of,
the droplet are completed during this initial high-%_
temperature gradient. The ultimate morphology of these® 2
particles is predicted to be hollow. On the other hand, for®
larger initial droplet sizes (e.gd,, = 6 um), the major- 1
ity of the particle evolution occurs during the isothermal
region of the furnace, and the resulting particles are solid. ¢ 0
In comparison to the smaller droplet, fdy, = 6 um the 0 20 40 60 80 100
heating rate is reduced and as a result the formed pay; distance from inlet [cm]
ticles are solid. Fod,, = 2 pum, the temperature gradi- 9
ent is not as high as in the casesigf = 3 or 4pm, so ' ' ! '
the final formed particles are solid. In the case of droplets
having diameter larger thangn, the droplets exit 1-m
length reactor without precipitation, because the solution g css
concentration at the surface does not reach ES. ’
In order to confirm the relationship between tempera-2 | R4 A
ture distribution along the reactor and the initial droplet’Z’ R
diameter, the experiment was repeated using a linearl@ 7L ,’/ / 4
increasing temperature profile with a maximum tempera-® ,,,'/
ture of 300 °C. Figure 13 shows the simulation results forg e Pt / -
this profile, with the other parameters the same a 49 ___.--2 7 S

diame’
w EN

t

[D.] @ameiadwa) aoeuln;

mol/l]
N

- — — — — -

Fig. 12. In the increasing temperature profile, the tem-Q 6 F 50 - .
perature of the reactor just reaches 300 °C before the exit — ES
of the reactor. A reduction in starting droplet diameter - 6.0 1
allows the formation of solid particles. From these re-
sults, it is clearly necessary to design a reactor to give an 2
appropriate temperature distribution and residence time

in order to produce particles with desirable morphology ® r/R
FIG. 13. Effect of the increasing temperature distribution on param-
eters that are the same as Fig. 12.

V. CONCLUSION

A spray pyrolysis model for fine particle preparation The simulation also indicates that the hollow particles in
has been developed from a combination of two previouspray pyrolysis is formed if the initial droplets are large
models. The model, for the first time, simultaneouslyand the droplet number concentration is low. The model
considered the comparison of results obtained from exshould be useful is solving some problems on the spray
periment and numerical simulation. The results includepyrolysis process; however, it is necessary to investigate
the influence of operation parameters on the following:further the determinaton of critical solution concentration
(i) changes of size and temperature of multiple dropletsind its temperature-dependent nucleation or crystal
along a laminar reactor (ii) theolute concentration gra- growth of the related materials.
dient inside the droplet§ii) the final morphology of pre-
pared particles.

In general, the predicted simulation results are in goocf\(:K'\|OWLEDGMENTS
agreement with those obtained from the experiment. The T. Komiya was very helpful in the experimental work.
solid particles can be formed if the reactor temperature iSupport from the Ministry of Education, Culture, and
low or has a gradual distribution, the initial solute con-Science of Japan (Grant No. 10650745) and the Hiro-
centration is high, and the flow rate of carrier gas is low.shima Industrial Technology Organization is gratefully
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pon Light Metal Co. Ltd., Tokyo, Japan, and MEL T, initial temperature of reactor inlet (K)
Chemicals, Flemington, NJ) provided the precursor. T,  temperature of surrounding gas (K)
T, temperature at the droplet surface (K)
Ty temperature at the reactor wall (K)
NOMENCLATURE u ratio of mass fraction of solventto  (-)
Co initial solution concentration (mol/1) mass frgctlon of _solute
C,a heat capacity of surrounding gas (J/(mol K)) X regctor axial coordinate (cm)
Coa  heat capacity of droplet (J/(mol K)) y ratio z to z o ) ©)
CSS critical supersaturation concentration (mol/1) Yo vapor mole fraction in surrounding ()
C(r) solute concentration at a radius (mol/1) o gas o )
d, initial droplet diameter (cm) You vapor mole fraction in surrounding  (-)
P .
D solute diffusion coefficient (crits) gas a]l(t thle treactor |ntleft h
D, solvent vapor diffusion coefficients (Girs) z m?jsrz (Tefgeunfefigsae?a dri(Errsn € ©
ES equilibrium saturation concentration (mol/l) total rzass of solute in the droplet ©
hg heat-transfer coefficient at the droplet (J/cn? s K) % L P g
surface N latent heat of vaporization J/9)
h,, heat-transfer coefficient at the reactor (J/cn? s K) P1 density of the droplet (g/cPy
wall
K thermal conductivity of surroundin Jiem s K
i Y g ) REFERENCES
Km vapor mass transfer coefficient for (cm/s) 1. G.L. Messing, S.C. Zhang, and G.V. Jayanthi, J. Am. Ceram. Soc.
laminar tube flow 76,2707 (1993).
. and Y. Kousaka, J. Am. Ceram. , .
M, solvent molecular ngght (g/mol) 3. K. Okuyama, I.W. Lenggoro, N. Tagami, S. Tamaki, and N. Tohge,
Mg  solute molecular weight (g/mol) J. Mater. Sci32, 1229 (1997).
m droplet mass (9) 4. 1.W. Lenggoro, Y.C. Kang, T. Komiya, K. Okuyama, and N. Tohge,
me initial droplet mass ) Jpn. J. Appl. Phys37,1.288 (1998).
N vapor concentration at the droplet (no /cm°’) 5. Y.C. Kang, S.B. Park, I.W. Lenggoro, and K. Okuyama, J. Mater.
0 : Res.14, 2611 (1999).
surface 6. W.E. Ranz and W.R. Marshall, Chem. Eng. Prd§, 141, 173
N,  Avogadro constant (No./mol) (1952).
ng vapor concentration in Surrounding (mo|ecu|eslcrﬁ) 7. D.H. Charlesworth and W.R. Marshall, Jr., AIChE6,)9 (1960)
gas 8. Y. Sano and R.B. Keey, Chem. Eng. SZT, 881 (1982).
. 9. K.H. Leong, J. Aerosol Scil8, 511 (1987).
ng vapor concentration at the droplet (molecules/crf) 10. H. Yu, Part. Sci. Technol3, 149 (1995).
surface 11. G.V.Jayanthi, S.C. Zhang, and G.L. Messing, Aerosol Sci. Tech-
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rrier flow rat Umin 13. J.van der Lijn, Agricultural Res. Report No. 845 (1976).
Q ca _e gas flow rate ( ) 14. S.C. Zhang and G.L. Messing, ®eramic Powder Science I,
Q.  carrier gas molar flow rate (mol/s) edited by G.L. Messing, S. Hirano, and H. Hausner (American
R reactor tube radius (cm) Ceramic Society, Westerville, OH, 1990), p. 49.
r radial coordinate (cm) 15. M. Shimada, T. Seto, and K. Okuyama, AIChB9,1859 (1993).

16. W.C. Hinds Aerosol TechnologyWiley, New York, 1982).

o . e .
RH™  relative humidity in surrounding gas ©) 17. A.C. Hindmarsh and G.D. Byrne, Lawrence Livermore National

R,  droplet radius (cm) Laboratory Report, UCID-30112 (1977).
R,  initial droplet radius (cm)
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