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Dispersed, flocculated size characterization of alumina particles in
highly concentrated slurries by ultrasonic attcnuation spectroscopy
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analysis and easily avoid problems prior to casting
and firing.

Ultrasonic attenuation spectrascopy is develop-
ing rapidly as an alternative to light scatiering
methods for the determination of particle size
distributions [7 9], Muny publications related (o
ultrasonic attenuation spectroscopy have appeared
since 1991 when McClement's review of this tech-
nique was published [10,11]. The development of
a commercial instrument for automatic measure-
ment using acoustic or clectroacoustic spectro-
scopy has also been completed and the instruments
arc now on the market. The greatest advantage of
acoustic spectroscopy compared with other tech-
niques, such as light scattering, is the capability to
characterize intact concentrated dispersed systems.
That is, we do not have to dilute the slurries when
we estimate the well-dispersed/flocculated particle
size distribution in slurries. In this sense, we will
use the term ~highly™ to describe the concentration
of slurries much higher than that appropriate for
the light scattering technique.

In the present paper, we confirm the capability
to differentiate the well-dispersed and flocculated
states in highly concentrated slurries using ultra-
sonic attenuation spectroscopy.

2. Materials and experimental procedure
2.1. Powders and prepared suspensions

Commercial-grade high purity powder of
AlLLO, (AKP-30, Sumitomo Chemical Co., Ltd.,
Tokyo, Japan) was used. The median particle size
reported by the manufacturer was 0.32 um, which
1s the size measured by the laser diffraction method
in a well-dispersed diluted suspension. The particle
size distribution of this dry powder in air (about
50% rclative humidity) as mecasurced by the API
Acrosizer (Ambherst Process Instruments, Inc.,
Hadley, MA USA) is shown in Fig. 1. This result
shows that the particle was flocculated before
mixing with aqueous solution and then broken up
in the solution.

Slurries with 10 vol.% solids were prepared by
dispersing dry powder in distilled water, and then
the pH of the suspension was adjusted to 4.040.2
with | M HNO,. Two kinds of mixing procedures
were emplaved to confirm the capability of distin-
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guishing the dispersed and flocculated size of par-
ticles in the highly concentrated slurries; one slurry
was stirred for 5 min using a magnetic stirrer and
the other was ultrasonicated for | min using a high
intensity ultrasonic probe { 106 W) after pH adjust-
nient. Readjusument was performed for each slurry
when its pH was changed by stirring or sonication.

2.2. Measurement technique

A precise and detailed background of the theory
for ultrasonic attenuation spectroscopy has been
described elsewhere [9]. The attenuation spectra
of the sample slurries were measured using an
Acoustophor PK-8000 (Pen Kem, Inc., Mt. Kisco,
NY, USA). The attenuation was measured over a
frequency range from 1 to 100 MHz. The variable
gap technique makes it possible to exclude calibra-
tion procedurcs. There is no restriction on the
volume fraction, but the sample must be fluid in
order for the peristatic pump to pump the sample
through the measuring chamber.

Analysis software converts attenuation spectra
into the particle size distribution minimizing the
difference between theoretical and measured atten-
uation spectra. The absolute error of the theoreti-
cal fit is the measure of this difference. In the case
of the log—normal distribution, the absolute error
is minimized by adjusting the median size and
standard deviation of the log-normal distribution.
In the case of the bimodal distribution, the abso-
lute error is also minimized by adjusting the
median size and standard deviation of cach size
mode.

3. Results and discussion

Fig.2 shows the measured attenuation
spectra in decibels per centimeter per MHz
(dBem™! MHz™!). Experimental points at low
frequencies (<3 MHy) are excluded because of the
large errors (those frequencics lay too close to the
transducer piezo crystal harmonics). It is clearly
seen that there is a distinct difference in the mea-
sured attenuation spectra between stirred and
ultrasonicated slurries, which suggests the presence
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Fig. 1. Particle size distributions tor dry Al,0; powder in air measured by the API Acrosizer ( Ambherst Process Instruments, Inc.,

Hadiey. MA. USA).
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Fig. 2. Experimental and best-fit theorctical attenuation spectra
for ultrasonicated and stirred A1,O; slurries, 10% by volume
at pH4.

of different particle size distributions in these two
slurries.

The spectrum obtained from the stirred slurry
is adequately approximated by the bimodal distri-
bution. In contrast, the log-normal distribution
provides the best fit to the measured attenuation
spectrum  of the ultrasonicated slurry. Cor-
responding particle size distributions are shown in

Fig. 3. A particle size distribution curve measured
in the stirred slurry has two peaks. The median
size of the low size peak was 0.29 pm and that of
the higher size peak was 1.1 pm.

Because the low size peak corresponds to the
primary size of the alumina particle (0.32 pm) as
reported by the manufacturer, then the higher size
peak must correspond to the flocculated size. The
appearance of a higher size peak in the particle
size distribution curve suggests that the flocculated
particles still remain in the slurry even after
stirring.

In contrast, the peak corresponding to the floc-
culated size disappeared in the particle size distri-
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— hiomodal, stirred for 5 min.
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Fig. 3. Particle size distributions for ultrasonicated and stirred
A1,0; slurries, corresponding to attenuation spectra shown in
Fig. 2.
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bution curve obtained from the ultrasonicated
slurry. The particle size distribution curve then
shows the log-normal distribution, of which the
median size was the same as the primary size
reported by the manufacturer. When the ultrasoni-
cated slurries were prepared, ultrasonication was
applied to the stirred-only slurry. The disappear-
ance of the higher size peak demonstrates that the
sonication process breaks up the flocculated
particles.

Tn order to test the capability of this technique
to eslimate the particle size distribution in a mixed
system where two kinds of particles with different
sizes are dispersed, a series of model systems were
prepared and the particle size distribution was
measured. The mixed systems for the test consisted
of 10vol.% of Al,O, powders with a size of
0.32 um (AKP-30) and 2.0 pm (AA-2, Sumitomo
Chemical Co., Ltd., Tokyo, Japan). Fig. 4 shows
the particle size distributions which were calculated
by assuming that the two diflerent sizes of Al,O4
powders are in a well-dispersed state with different
ratios: (a) 70:30, (b) 50:50 and (¢) 30:70% by
volume in the slurries. Attenuation curves mea-
sured are shown in Fig. 5 where the points are
measured one at each frequency, and the curves
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Fig. 4. Particle size distributions for well-dispersed 10 vol.% of
AlL,0, slurries consisting of 0.32 ym (AKP-30) and 2.0 pm
(AA-2) particles with ratios of (a) 70:30, (b) 50:50 and {(c) 30:70
in vol.%. The aqueous solution used for this system contains
0.2 mass% of solium hexametaphosphate.
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Fig. 5. Experimental and theoretically calculated attenuation
spectra, corresponding to the particle size distributions shown
in Fig. 4.

are drawn by the calculation based on the particle
size distribution as shown in Fig. 4. It is seen that
every bimodal distribution provides a good fit to
the measured attenuation points, which demon-
strates the capability of characterizing the mixed
system. When the fraction of 2.0 pm Al,O, pow-
ders increases, the attenuation spectrum obtained
appears to be shifted to the lower left. The same
tendency is seen in Fig. 2 by comparison of the
spectra for stirred and ultrasonicated slurries, sug-
gesting the presence of the higher size peak in the
particle size distribution in stirred slurrics.

These results demonstrate the capability of the
ultrasonic technique to monitor the presence of
flocculated particles in highly concentrated slurries
and to distinguish the primary size from the floc-
culated size.

4. Conclusion

The capability of estimating the primary and
flocculated size distribution using ultrasonic atten-
uation spectroscopy before firing was investigated.
The results obtained demonstrate the capability to
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monitor the presence of flocculated particles in a
highly concentrated slurry and to distinguish the
primary size from the flocculated size.
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