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Droplet size control in the filter expansion aerosol generator
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Abstract

A new capability for droplet generation through the filter expansion aerosol generator (FEAG) process has been found. The mean sizes and size
distributions of droplets generated by the FEAG process have been estimated from the resulting powders. The mean sizes of the droplets could be
controlled from 1.7 to 25 �m. Surface tension and the viscosity of spray solutions controlled by adding polyethylene glycol (PEG) affected the
mean sizes of the droplets. The mean sizes of droplets generated at a pressure of 160 Torr changed from 4.3 to 12.1 �m when the concentrations
of PEG were changed from 1.6 × 10−4 to 1.6 × 10−3 M. The addition of PEG into the spray solution improved the size distribution of the droplets.
The mean sizes of droplets generated from the spray solution with a concentration of 4.8 × 10−4 M PEG changed from 1.7 to 25 �m when the

reactor pressures were changed from 60 to 400 Torr. The droplets generated at pressures between 160 and 360 Torr had a narrow size distribution.
© 2008 Elsevier Ltd. All rights reserved.
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. Introduction

Spray aerosol generators can be applied in the formation
f thin films and the preparation of fine powders by spray
yrolysis.1–3 Small, uniform-sized droplets are needed for the
reparation of ultrafine powders and thin film for integrated
ircuits with submicron features. For these applications, the
roplet size should be around 1 �m and large production rates
re required. An ultrasonic spray generator offers a reasonably
igh production rate and yields droplet diameters on the order of
m. Ultrasonic spray generators have therefore been used for the
ommercial production of useful ceramic and metal powders.

Kang and Park developed a new liquid aerosol generator
amed the filter expansion aerosol generator (FEAG).4 The
EAG process comprised a liquid aerosol generator which
roduces fine-sized droplets under low pressure. It has been
pplied to the preparation of advanced ceramic, metal and glass
owders.5–9 The resulting powders have similar characteristics
o those prepared by ultrasonic spray pyrolysis.
The required mean size for ceramic, metal, and glass pow-
ers used in the electronic industries is becoming smaller and
maller. However, in some application fields, powders with mean
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izes between 3 and 10 �m are required. Therefore, droplet gen-
rators must be able to generate droplets with mean sizes of
everal microns and several tens of microns. Pneumatic noz-
les have the capability of producing droplets with mean sizes
f several tens of microns.10 On the other hand, the droplets
enerated by these pneumatic nozzles have a broad size distri-
ution. Electro-spray generators can be used to generate droplets
maller than 2 �m but the production rate of these size droplets
s restrictive.11 Ultrasonic spray generators are also restricted in
he generation of droplets smaller than 2 �m or droplets larger
han 10 �m.

In this study, a new capacity for droplet generation via the
EAG process was investigated. The mean sizes of the droplets
ere controlled from micron sized to several tens of microns.
he droplet generation characteristics were estimated from the
haracteristics of aluminum oxide powders. Surface tension and
iscosity of the spray solution were controlled by changing
he concentrations of polyethylene glycol added to the spray
olutions. The pressure of the reactor was changed from 60 to
00 Torr by controlling the capacity of the vacuum pump.
. Experimental

The schematic diagram of the modified FEAG process used
n this study is shown in Fig. 1. The apparatus consists of a
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Fig. 1. Schematic diagram of filter expansion aer

orous glass filter, an ultrasonic spray generator, a vacuum pump
nd a bag filter. An ultrasonic spray generator was used as a
upply system for the spray solution to ensure a continuous,
niform quantity. The detail droplet formation mechanism in
he FEAG process has been investigated in previous research.4
he spray solution was supplied through an ultrasonic spray
enerator using carrier gas on to a glass filter surface where it
ormed a thin liquid film. The liquid flows through pores of the
lass filter with carrier gas. Liquid flow rate is controlled so as

s
t
P
t

ig. 2. SEM photographs of alumina powders prepared by FEAG process (0.2 M Al ni
enerator (FEAG) for preparing Al2O3 powders.

o maintain two phase flow in the pores of the glass filter. At the
ottom of the filter, multiple expansion occurs through multiple
hannels and aerosol stream is formed.

Aluminum oxide powders were prepared from aqueous and
olymeric spray solutions using the FEAG process. The aqueous

olution was prepared by dissolving aluminum nitrate in dis-
illed water. The concentration of aluminum nitrate was 0.2 M.
olyethylene glycol (PEG 200) was dissolved in the spray solu-

ions to control surface tension and viscosity. The concentration

trate, 900 ◦C, 160 Torr): (a) no additive, (b) 4.8 × 10−4 M, and (c) 16 × 10−4 M.
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f PEG was changed from 1.6 × 10−4 to 4.8 × 10−3 M. The
eactor temperature of the FEAG process was maintained at a
emperature of 900 ◦C. The pressure of the reactor was changed
rom 60 to 400 Torr by controlling the capacity of the vacuum
ump.

The surface tension of spray solutions was measured with
thermostated tensiometer (model K10 Krüss GmbH, Ham-

urg, Germany), using a platinum–iridium ring and the Du
oüy method. Measurements were taken at a room temper-

ture of 20 ◦C. The tensiometer was calibrated with distilled
ater (σ = 72.8 mN m−1 at 20 ◦C). Viscosity measurements
ere measured using an Ostwald Viscometer immersed in a

emperature-controlled water bath in which the temperature was
aintained at 20 ◦C. The Viscometer was calibrated with a sam-

le of distilled water using the published data for the viscosity of
ater. The thermal properties of the prepared powders were mea-

ured using a thermo-analyzer (TG–DSC, Netzsch, STA409C,
nd Germany) in the temperature range from 40 to 800 ◦C at a
eating rate of 10 ◦C/min. The mean sizes and size distribution of
he powders were investigated by scanning electron microscopy
SEM, JEOL, JSM 6060).

. Results and discussion

The morphologies of the aluminum oxide powders pre-
ared by the FEAG process from the spray solutions with
arious concentrations of PEG are shown in Fig. 2. The pres-
ure of the reactor was maintained at 160 Torr. The mean sizes
f the powders were affected by the concentrations of PEG
dded to the spray solutions. The powders obtained from the
queous spray solution were of large and bimodal size distribu-
ions. Low concentration of PEG added to the spray solutions
ecreased the mean size of the precursor powders. Conversely,
he mean size of the precursor powders increased with increase

f the concentrations of PEG above 8.1 × 10−4 M. The mean
izes of the powders measured from the SEM photographs are
hown in Fig. 3. The mean size of the powders obtained from
pray solutions with PEG changed from 0.7 to 2.1 �m when

ig. 3. Powder size and droplet size as a function of the mol concentration of
EG.
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ig. 4. TG/DSC curves of alumina powders: (a) 4.8 × 10−4 M, (b) 16 × 10−4 M,
nd (c) 48 × 10−4 M.

he concentrations of PEG were changed from 1.6 × 10−4 to
.6 × 10−3 M.

The aluminum oxide powders prepared by the FEAG process
rom the spray solutions with PEG had dense inner structures.
he drying of PEG within the droplet formed a highly viscous
el consisting of a three-dimensional polymer network. This
iscous gel promoted the volume precipitation of precursors
ithin the droplets and resulted in the formation of powders

pherical in shape and with a dense morphology.12 Fig. 4 shows
he TG/DSC curves of the powders prepared by the FEAG
rocess obtained from the spray solutions with low and high
oncentrations of PEG. In the TG curves, two states of weight
oss are observed. The first weight loss occurs at temperatures
etween 40 and 200 ◦C, resulting from the removal of adsorbed
ater in the powders. The weight loss of the powders obtained

rom the spray solution with a low concentration of PEG was
arger than that of the powders obtained from the spray solu-
ion with a high concentration of PEG. The second weight loss
ccurred at temperatures between 400 and 600 ◦C. In the DSC
urves, the powders had exothermic peaks in the temperature
ange 400–600 ◦C. These exothermic peaks were accompanied
y weight losses corresponding to the decomposition of carbon
omponents. A complete decomposition of the carbon compo-
ents did not occur because of the short residence time of the
owders inside the hot wall reactor. The total weight loss of the
owders changed from 8.6 to 5.6 wt.% according to the concen-
rations of PEG added to the spray solutions. The total weight
oss of the powders obtained from the spray solution with a
igh concentration of PEG was lower than that of the pow-
ers obtained from the spray solution with a low concentration
f PEG. The carbon impurity of the powders did not increase
he mean size of the powders obtained from the spray solution
ith a high concentration of PEG. Therefore, the change of the
ean size of the powders according to the concentrations of

EG added to the spray solutions was caused by the difference
f the mean size of droplets generated by the FEAG process.
ssuming one dense powder is derived from one droplet, the
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ig. 5. Surface tension and relative viscosity of spray solutions as a function of
he mol concentration of PEG.

ean diameter of droplets can be calculated using the following

quation:

drop = dparticle ×
(

ρx

Mx × C × 10−3

)1/3

(1)

a
t
s
t

ig. 6. Size distributions and standard deviations of the prepared alumina powders pre
a) no additive, (b) 4.8 × 10−4 M, and (c) 16 × 10−4 M.
Ceramic Society 28 (2008) 2617–2623

here ddrop and dpowder are the mean diameter of the droplets and
owders, respectively. ρx and Mx are the density and molecular
eight of oxide or dried salt powders. C is the molar concentra-

ion of the salt solution. The mean sizes of the droplets calculated
rom Eq. (1) are shown in Fig. 3. The mean sizes of the droplets
enerated by the FEAG process changed from 4.3 to 12.1 �m
hen the concentrations of PEG changed from 4.8 × 10−4 to
.6 × 10−3 M.

The mechanism of formation for droplets in the FEAG pro-
ess is similar to that of a pneumatic nozzle. A thin liquid film
nd carrier gas pass through the filter pores driven by the car-
ier gas and expand into a low pressure chamber. The mean
izes of droplets generated by a pneumatic nozzle are strongly
ffected by the surface tension and the viscosity of the spray
olutions.13 Therefore, the mean sizes of droplets generated by
he FEAG process are also affected by the surface tension and
he viscosity of the spray solutions. Fig. 5 shows the change
f the surface tension and the viscosity of the spray solutions

ccording to the concentrations of PEG added to the spray solu-
ions. A low concentration of PEG added to the spray solution
trongly lowered the surface tension of the solution. With fur-
her addition of PEG, the surface tensions of the spray solutions

pared from spray solution with different mol concentration of organic additive:
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ere much less affected. The viscosities of the spray solutions
teadily increased when the concentrations of PEG were raised.
he addition of a low concentration of PEG to the spray solution
ecreased the mean size of droplets by decreasing the surface
ension of the spray solution. Conversely, the addition of a high
oncentration of PEG into the spray solution increased the mean
ize of droplets by increasing the viscosity of the spray solution.
herefore, the droplets generated at a pressure of 160 Torr had

he lowest mean size when the concentration of PEG added to
he spray solution was 4.8 × 10−4 M.

Fig. 6 shows the size distribution of the powders prepared
t a pressure of 160 Torr from the spray solutions with and
ithout PEG. In the SEM photograph shown in Fig. 2, the pow-
ers obtained from the aqueous spray solution had a broad size
istribution. Low concentrations of PEG added to the spray solu-
ions improved the size distributions of the powders. On the
ther hand, the geometric standard deviations of the powders
ncreased with further increase of the concentrations of PEG

dded to the spray solutions. The geometric standard deviations
f the powders as shown in Fig. 2(a), (b) and (c) were 0.3, 0.2
nd 0.9. The change of the size distribution of droplets accord-

s
s
o

ig. 7. SEM photographs of alumina powders prepared by FEAG process without o
00 ◦C): (a) 60 Torr, (b) 240 Torr, and (c) 400 Torr.
Ceramic Society 28 (2008) 2617–2623 2621

ng to the concentrations of PEG added to the spray solution
ffected the size distribution of the powders. A low surface ten-
ion and viscosity of spray solutions with low concentrations of
EG decreased the size distributions of the droplets generated.
n the other hand, a high viscosity of spray solutions with a
igh concentration of PEG increased the size distributions of
he droplets.

The effects of reactor pressure on the mean sizes and mor-
hologies of the powders were shown in Figs. 7 and 8. The
eactor pressures were controlled from 60 to 400 Torr by chang-
ng the capacities of the vacuum pump. The mean sizes and size
istributions of the powders were strongly affected by the reac-
or pressures. Fig. 7 shows the SEM photographs of the powders
repared from the aqueous spray solution at various pressures.
he powders prepared from the aqueous spray solution at low
ressure of 60 Torr had filled structure and fine size. On the other
and, the powders prepared at pressures of 240 and 400 Torr had
ollow structures, large sizes and broad size distributions. Fig. 8

hows the SEM photographs of the powders prepared from the
pray solution with PEG at various pressures. The concentration
f PEG added to the spray solution was 4.8 × 10−4 M. The mean

rganic additive from different reactor pressure (0.2 M Al nitrate, no additive,
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ig. 8. SEM photographs of alumina powders prepared by FEAG process with o
00 ◦C): (a) 60 Torr, (b) 240 Torr, and (c) 400 Torr.
izes of the powders were increased from 0.3 to 4.3 �m when the
eactor pressure was changed from 60 to 400 Torr. The powders
ad a spherical shape and a dense structure irrespective of the
oncentrations of PEG added to the spray solutions. Therefore,

ig. 9. Powder size and droplet size as a function of changing reactor pressure.
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c additive from different reactor pressure (0.2 M Al nitrate, 4.8 × 10−4 M PEG,

he change of the mean size of the powders according to the reac-
or pressures was caused by the difference of the mean size of
roplets generated by the FEAG process. The mean sizes of pow-
ers measured from the SEM photographs are shown in Fig. 9.
he mean sizes of the droplets calculated from Eq. (1) using the
ean sizes of powders are also given in Fig. 9. The mean sizes

f the droplets generated by the FEAG process changed from
.7 to 25 �m when the reactor pressures were changed from
0 to 400 Torr. The powders prepared at pressures between 160
nd 360 Torr had a narrow size distribution. On the other hand,
he powders prepared at low and high pressures had broad size
istributions because of instability in the FEAG process.

. Conclusions

The effects of the surface tension and viscosity of the spray
olutions on the characteristics of droplets generated by the

EAG process were investigated. The mean size of droplets
ecreased with the decreasing surface tension of the spray solu-
ion through the addition of a low concentration of PEG. On the
ther hand, the mean size of droplets increased with an increase
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f the viscosity of the spray solutions through the addition of a
igh concentration of PEG. The mean size of droplets was also
trongly affected by the reactor pressure. Therefore, the mean
ize of droplets could be controlled from 1.7 to 25 �m by chang-
ng the concentration of PEG added to the spray solution and the
eactor pressure.
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