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Abstract

Aggregation phenomena change the particle-size distribution, replacing small particles with larger aggregates.
Measuring this evolution of particlc size is an apparent way to characterizing aggregation phenomena. It is often
desirable to perform this measurement in an intact, concentrated, dispersed system. Until recently, this kind of
measurement was impossible, but the situation has improved dramatically with the availability of ultrasound-based
spectroscopy. An ultrasound pulse interacts with dispersed particles while propagating through the dispersed system,
thereby attenuating. An acoustic spectrometer measures this attenuation for a set of frequencies and calculates the
corresponding particle size. An ultrasound pulse also disturbs the particle double layer. As a result, the particles
gencrate an clectric current, the so-called colloid vibration current (CVI). An electroacoustic spectrometer measures
this current and calculates the ¢ potential. We have suggested in our previous papers that combined acoustic and
electroacoustic spectroscopy provides the most reliable and complete characterization of concentrated dispersed
systems. We show in this paper that this technique is able to determine not only the isoelectric point but also a range
of pH where system is not stable. It is found that the system loses stability when the { potential becomes less than
30 mV. We prove that a lognormal distribution is not adequate for characterizing unstable systems compared with
the performance achieved with a bimodal distribution. © 1998 Elsevier Science B.V.

Keywords: Aggregation phenomena; Acoustic and electroacoustic spectroscopy; Particle-size distribution: Zeta

potential

1. Introduction

Acoustic and electroacoustic spectroscopy are
developing rapidly as an alternative to light-scat-
tering methods. The ability to characterize concen-
trated disperse systems provides much of the
impetus for these developments. Both techniques
are based on a well established scientific back-
ground [1-19]. In both methods, the interaction
of sound with the dispersed particles provides

!
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useful information. However, the set of measured
parameters is different. In acoustic spectroscopy
we measure the attenuation and/or sound speed
[3-5] whereas for electroacoustic spectroscopy it
is either the colloid vibration potential/current
(CVP/CVI) [6] or the electrosonic amplitude
(ESA) [8,9].

Electroacoustic spectra depend on both particle-
size distribution (PSD) and ¢ potential, which
makes this type of spectroscopy very attractive for
providing complex characterization of both these
parameters. However, there are several disadvan-
tages to this simple approach. We have analyzed
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and listed these problems in our previous paper
[10]. In order to eliminate these limitations we
have suggested the combination of electroacoustics
with acoustics [10]. This new approach requires
more  sophisticated hardware. Nevertheless, we
believe that it is worthwhile because the reliability
of the data improves significantly.

Acoustic spectroscopy based on the attenuation
measurement does not require any assumptions
about electrosurface properties. As a result, the
PSD obtained with acoustic spectroscopy is more
reliable than that extracted from the spectra. This
means that acoustic spectroscopy is more prefera-
ble for the characterization of particle-size distribu-
tion. The more reliable PSD coming from acoustic
spectroscopy can then be used in interpretation of
the electroacoustic spectra. As a result, the
improvement in the reliability of PSD determina-
tion leads to more reliable (-potential data.

In this paper, we characterize the accuracy and
precision of acoustics and electroacoustics by using
stable, well-defined, concentrated dispersed sys-
tems. It is shown that this combined acoustic
spectroscopy is suitable for characterizing unstable
dispersed systems as well. In order to do this, a
titration with a concentrated dispersed system has
been performed. The change in both measured
parameters (attenuation spectra and CVI) reflects
changes in the particle-size distribution and ¢
potential. Comparison of these two parameters
allows us to determine the value of { and range of
pH at which the system loses stability.

Calculation of the PSD from acoustic attenua-
tion spectra requires an assumption concerning the
shape of the distribution. A lognormal distribution
is the most widely used model. Here, we compare
the performance of lognormal PSD and bimodal
PSD by means of error analysis.

2. Measuring technique

A combined acoustic and electroacoustic spec-
trometer (IDT-1200) developed by Dispersion
Technology Inc. was used. This instrument has
two separate sensors for measuring acoustic and
clectroacoustic signals separately. Bath sensors use
a pulse technique. '
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The acoustic sensor has two piezo crystal trans-
ducers. The gap between transmitter and receiver
is variable in steps. In default it changes from
0.I5Smm up to 20 mm in 2l steps. The basic
frequency of the pulse changes in steps as well. In
default it changes from 3 to 100 Mz in 18 steps.
The number of pulses collected for each gap and
each frequency is automatically adjustable in order
to reach the target signal-to-noise ratio.

The acoustic sensor also measures the speed of
sound at one chosen frequency by using the time
of arrival of the pulse at the receiver. The instru-
ment automatically adjusts pulse sampling depend-
ing on the value of the speed of sound. This is
necessary for eliminating possible artefacts like
excess attenuation at low frequencies.

The electroacoustic sensor measures the magni-
tude and phase of the colloid vibration current at
2 MHz. It has a piezo crystal sound transmitter
and a specially designed electric antenna. The
distance between the transmitter and antenna is
5 mm. There is provision for automatic correction
for the speed of sound and attenuation measured
with the acoustic sensor.

All experimental data are stored in an Access
database. A special analysis program calculates
PSDs from attenuation spectra and { potentials
from the CVI. This program tests lognormal,
bimodal and modified lognormal [20] particle-size
distributions and uses an error analysis to search
for the best PSD. The goal of the optimization
procedure is to minimize the error of the theoretical
fit of the experimental attenuation spectra.

The analysis program takes into account a PSD
correction when calculating the { potential. It uses
either the PSD calculated from the attenuation
spectra or a PSD known a priori. It makes also
correction for attenuation of the sound pulse
resulting from backflow caused by moving dis-
persed particles. An additional correction is made
for the volume fraction effect, which is required in
concentrated dispersed systems.

The instrument also has a special prediction
program. This is an educational tool that gives the
opportunity to calculate attenuation and CVI
spectra for any system specified by the user. This
program is suitable also for a manual search of
the best PSD for the given experimental attenua-
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Fig. 1. Attenuation of the multiple measurements with alumina Sumitomo AA-2 and silica Ludox.

tion spectra. It helps to overcome the problem of
a local minimum which might be an obstacle for
the automatic optimization program.

The total volume of sample required is about
100 ml. A special magnetic stirrer prevents sedi-
mentation and ensures mixing of the chemicals
during titration. The instrument is equipped with
two burettes and appropriate software for auto-
matic titration. It also has conductivity and tem-
perature probes.

Measurement of one attenuation spectrum with
the default set-up takes about 5 min. The user can
speed up the measurements by changing the set-
up parameters. One CVI measurement takes from
10s to I min depending on the system’s properties.
The precision and accuracy of the DT-1200 are
described in the following sections.

2.1. Precision

Precision is a measure of the reproducibility.
This section presents results concerning  the
precision of both the acoustic and the electroacous-
tic sensors.

The attenuation spectra in Fig. | illustrate the
precision of the acoustic sensor. These spectra
were measured on alumina Sumitomo AA-2 and
silica Ludox. The alumina sample was measured
10 times in a row, while the silica sample was
measured 11 times in a row. Corresponding median
particle sizes are given in Table I. It is seen that
absolute variation of the median particle size is
0.9% for alumina and 1.5% for silica. These num-
bers illustrate the precision of the acoustic sensor.

Figs.2 and 3 illustrate the precision of the

Table |

Mcdian parucle size

Alumma 2015 2.076 2.057 2.092 2.065 2.047 2.035 2078 2039 2.085

Silica 0.03 0.029 0.029 0.029 0.029 0.03 0.03 0.029 0,03 0.03 0.03
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33 100 nm in size. It is seen that the precision in
344 v determining the isoelectric point is about 0.1 of a
5] pH unit.
v
-33.6- v 2.2. Accuracy
— 3.1 v
= v . .
£ s VoyvY v? Accuracy characterizes the correlation between
& 19 M v yv real and measured values. The accuracy of PSD
Rt v . S
vy, 7 v v, v, measurement 1s a measure of the adequacy of the
-, B v . . . . .
1y - measured particle-size distribution. In order to
Y Yy vy determine the accuracy of PSD one needs a stan-
2, v v dard system with a known particle-size distribu-
Yy tion. We used BCR silica quartz with a median
0 M 2 M pA y @ size of about 3 um; this is a PSD standard in
measurement number Germany.
Fig. 2. Fig. 4 shows the standard particle-size distribu-

Multiple {-potential measurements of 10 wt.% silica
Ludox. .

electroacoustic sensor. Fig. 2 shows the results of
51 continuous CVI measurements for silica Ludox.
It is seen that the precision of the absolute value
of the {-potential measurements is a fraction of a
mV. Fig. 3 shows titration curves for three identical
samples of 6 wt.% alumina with particles about

tion and that measured with the DT-1200. The
difference in median particle size between the stan-
dard and DT-1200 measurements is less than 1%.
At the same time there is some difference in the
amount of small particles. The results indicate that
the acoustic sensor determines the median size
with an accuracy of 1% and the standard deviation
with an accuracy of about 5%.
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Fig. 3. Titration of three samples of the same 6 wt.% alumina.
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Fig. 4. Particle-size distribution of the silica quartiz BCR. The acoustic measurement was performed with 11 wt.% particles in ethanol.

Testing the accuracy of (-potential measure-
ments is much more complicated because there is
no {-potential standard for concentrated systems.
The lack of an electroacoustic theory for concen-
trated systems creates additional complexity. Our
experience is that CVI makes it possible to measure
¢ with the almost same accuracy as microe-
lectrophoresis.

3. Titration experiment
3.1. Materials

Titration experiments have been performed with
the two different materials: alumina and rutile. We
chose these materials because of the different
expected values of their isoelectric points. The
isoelectric point of rutile is at about pll=4,
whereas that for alumina is around pH =9.

A concentrated aqueous rutile slurry was
obtained from E.I. Du Pont de Nemours. It is
referred to commercially as R746 and is normally
supplied at a weight content of 76.5% (44.5% by
volume). The density of the particles was
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4.06 g cm 2, which is slightly less than for regular
rutile because of the various surface modifiers used
to stabilize the slurry. A pH titration was per-
formed with a relatively concentrated sample,
7 vol.%. The sample was diluted with distilled
water and adjusted to pH 8.5 with potassium
hydroxide. The median particle size of this rutile
slurry is about 0.3 pm according to the manufac-
turer’s data.

The alumina slurry was 11.6 wt.% or 4 vol.%;
the initial pH was 4. This sample was used in
titrations without additional dilution. The median
particle size of the alumina particles was unknown.

3.2. Results and discussion

Electroacoustic measurements of { potential
confirmed the expected values of 1soelectric points
for both alumina and rutile. Corresponding titra-
tion curves are shown in Fig. 5.

According to general colloid chemical principles,
dispersed systems lose stability at a pH close to
the isoelectric point. Particle aggregation changes
the particle-size distribution. This in turn will
affect the attenuation spectra. The experiment
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Fig. 5. Titration {-potential curves for 7 vol.% rutile and 4 vol.% alumina.

shows, indeed, that the attenuation spectra changes

with pH for both alumina and rutile (Fig. 6).

Itis interesting that in both cases the attenuation
spectra remain unchanged up to a certain pH. In
the case of alumina it is stable up to pH=7.3; in

the case of rutile, this critical pH is 5.9. The 274
attenuation spectra change beyond this critical pH. 275

This critical pH marks a range of aggregation 276
stability. Alumina is stable for pH below 7.3 277
whereas rutile is stable for pH above 5.9. In both 278
cases this critical pH corresponds to the same 279
value of { potential, about 30 mV. Both dispersed 260

systems lose their stability when the { potential 281
7 drops to the level of 30 mV. 282
_ pH>6 A continuous change of pH beyond the critical 283
é 6 rutile 25%wt . ‘ point causes a fast change of the attenuation 284
& v T\ - spectrum. It reaches another stable level in both 285
g ° L Parowds o \ cases. The existence of this other, pH-ind d
S A - Th [ °r, pH-independent 286
=y :,’,},‘W attenuation spectrum is a very interesting peculiar 287
8 pH <4 w3 feature that is common for both systems. 268
3 In the case of alumina. the attenuation spectrum 289
g pH <75 remains the same over a wide pH range from 8.2 290
<? ) e opH=7.9 to 1. The attenuation spectrum of rutile at pH 291
| Hlumina 12%wt pH > 8 below at least 4 does not change either. This means 292
that, for some reason, particle-size distribution 293
0 : —_ does not change in the vicinity of the isoelectric 294
1’ 10' 10° point. The systems are certainly unstable at these 295

Frequency [MHz]

Fig 6. Attenuation spectra for 7 vol.% rutile and 4 vol % alu-

mina at different pH values.
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pH values; however, there is a factor which{pre- 286 -
vents  particles  from collapsing into  large
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Particle-size distributions are shown in Figs. 7
and 8 for various pH values. The error analysis
presented in the following section proves that the
distribution becomes bimodal beyond the critical
pH. However, the size of the aggregates does not
exceed several um.

We believe that the bimodal particle-size distri-
butions are stable in time because of the stirring.
The titration experiment requires samples to be
stirred to achieve quick and homogeneous mixing

of the added chemicals. Shear stresses caused by
this stirring might break up large aggregates. This
shear can be a factor which restricts the size of the
aggregate. This idea can be tested experimentally
in the future by making measurements at different
stirring rates.

There is another unsolved question, however.
We do not know whether the aggregation observed
is reversible. Both systems used did not allow us

to reach the { potential above the critical value

pH=8.9
16
12
7
z
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z
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00 T y ——
10’ 10' 10" 10'
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Fig. 7. Particle-size distribution of stable and unstable 7 vol.% rutilc.
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(30 mV) after crossing the isoelectric point. The
¢-potential value is restricted by increasing ionic
strength at high pH for the alumina and at low
pH for the rutile. We need another material with
an isoelectric point at the middle pH range in
order to answer this question.

3.3, Error analysis

When calculating PSD from the attenuation
spectra, the DT-1200 analysis program searches
for particle-size distributions with predefined
shape. The five different shapes are used: mono-
disperse, lognormal, bimodal, modified lognormal
[20] and modified bimodal. This approach makes
it possible to increase the number of adjustable
parameters in steps and also to implement a priori
information. The number of adjustable parameters
is equal to 1 for monodisperse PSD (size), 2 for
lognormal (size and standard deviation) and 4 for
bimodal (two mode sizes, standard deviation of
the mode assumed to be the same for both of them
and the relative weight of modes). Modified log-
normal and bimodal PSDs give an opportunity to
use a priori information about minimum and/or
maximum size.

The analysis software searches for the best
values of adjustable parameters by minimizing the
deviation between experimental and theoretical
attenuation spectra calculated for the various
PSDs. The result of this search is five best distribu-
tions (best monodisperse, best lognormal, best
bimodal, best modified lognormal and best modi-
fied bimodal ).

There is a theoretical error corresponding to the
best fit achieved with a distribution of particular
shape. Comparison of these errors allows a deci-
sion to be made about which distribution is the
most suitable: the smaller error, the better the
PSD. The error value decreases with increasing
number of adjustable parameters. However, this
does not mean that a bimodal distribution is
always better than a lognormal one because the
reliability of the PSD is reciprocally proportional
to the number of adjustable parameters. Although
an increase in the number of adjustable parameters
improves the theoretical fit, it reduges reliability.

Itis obvious that there is some optimum number

Colsurf 9502 CAP Auto Page Proofs-  Page 8

of adjustable parameters. Experimental error
should be used in order to define this optimum
number. According to Ocaam’s principle, we
should stop adding adjustable parameters when
the theoretical error becomes smaller than the
experimental error.

The values of theoretical and experimental errors
are shown on Fig. 9 for both alumina and rutile.
Errors of the lognormal and bimodal distributions
are almost identical for pH values corresponding
to the stable systems: >5.9 for rutile and <7.3
for alumina. The larger number of adjustable
parameters for the bimodal PSD causes no
improvements in theoretical fit. This means that
there is no reason to claim a bimodal PSD for
pH>5.9 for rutile and pH < 7.3 for alumina.

The error of the theoretical fit for the lognormal
distribution becomes much larger than that for the
bimodal one at pH<5.9 for rutile and pH>7.3
for alumina. A lognormal distribution fails to fit
experimental attenuation spectra in this pH range.
The much smaller theoretical error is the reason
to claim a bimodal PSD for these two pH points.

This error analysis yields the conclusion that a
lognormal distribution is not suitable for charac-
terizing unstable dispersed systems. This type of
particle-size distribution does not reflect ade-
quately the formation of aggregates.

4. Conclusions

Combined acoustic and electroacoustic spectro-
scopy provides independent characterization of
particle-size distribution (PSD) and ¢ potential. In
essence, the acoustic spectra provide PSD informa-
tion, whereas the electroacoustic signal (colloid
vibration current, CVI) yields ¢ potential.

Acoustic spectroscopy can characterize the
median particle size with a precision and accuracy
of about 1%. The width of the distribution can be
characterized with a precision of about 1% and an
accuracy of about 5%.

Values of { potential can be determined with a
precision of a fraction of a mV and an accuracy
about several mV, depending on the particle
volume fraction.

Acoustic attenuation spectra and CVI measufed
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Fig. 9. Errors of theoretical fit achieved with lognormal and bimodal distributions for different pH values.

for concentrated 7vol.% rutile and 4 vol.% alu-
mina dispersions show pronounced changes caused
by pH. These changes are associated with aggrega-
tive stability. Both dispersions lose s’lability within
+2 pH units of the isoelectric point. Both disper-
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stons become unstable when the absolute value of 415
{ potential drops below 30 mV. 416

The particle-size distribution for both disper- 417
sions becomes bimodal near the isoclectric point. 418
This bimodal distribution remains quite stable 419
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within +2 pH units in the vicinity of the isoelec-
tric point.

A lognormal PSD is not very suitable for charac-
terizing such unstable systems. The fitting error
between the experimental spectra and the lognor-
mal PSD is much larger than the error for a
bimodal PSD. The lognormal PSD fails to reflect
properly the formation of aggregates.
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