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ABSTRACT

Ultrasound has a certain advantage over light for char-
acterizing various dispersions, because it can propagate
through the intact concentrated dispersions that are not
transparent for light. There are two different techniques
(acoustics and electroacoustics), both based on ultrasound.
We give a short overview of the theory, available hard-
ware, experiments, and applications.

There are several versions of the theory. We chose
the version that is based on the ‘‘coupled phase model’’
and ‘‘cell model.”” This version of the theory exists for
both acoustics and electroacoustics. It is valid for con-
centrates, which justifies our choice.

We present only the new electroacoustic theory that
has been developed so far for colloid vibration current
only assuming a thin double layer but for any value of the
Dukhin number. This theory has been experimentally
tested with equilibrium dilution of the concentrated rutile
(45% v1) and silica (35% vl) dispersions.

Acoustic theory has been expanded as well due to
incorporation of the ‘‘structural losses’’ in addition to the
existing mechanisms of the particles interaction with the
sound field. There is a version now that is supposed to
work in the structured dispersions. We give here the first
example of this new application for acoustics.

Another important new application for acoustics is a
““mixed dispersions,”’” which is a dispersed system with
several dispersed phases. A specially developed *‘effective
media’’ approach allows us to tackle successfully these
very complicated systems.

Hardware has been improved during past two years
as well. We mention here just one new device: (-potential
probe. It makes electrokinetic measurement very simple,
fast (down to 15 seconds), precise (0.1 mV), and accurate.
It can work on-line. We give here some examples of the
results obtained with this probe.

New hardware is much more sensitive and is suitable
for characterizing dispersions where previous instruments
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failed. First of all, they are latex dispersions with low-
density contrast. We give several examples of the suc-
cessful characterization of these dispersions. One of the
problems in the acoustic characterization of these disper-
sions is related to the often unknown value of the thermal
expansion coefficient. We show that it is possible to ex-
tract the value of this parameter straight from the acoustic
attenuation spectra.

We also present some general applications, includ-
ing CMP slurries; rigid solid particles like alumina, barium
titanate, zinc sulfate, kaolin, calcium carbonate, zirconia;
and water-in-oil and oil-in-water emulsions and micro-
emulsions.

INTRODUCTION

The past two years have been a time of the intensive
growth of the new ultrasound-based techniques for char-
acterizing heterogeneous colloidal systems. New theories
have been developed, and new instruments became avail-
able. We are going to describe these new developments in
this article.

The first technique described here is referred to as
“‘acoustics.”” It is somewhat simpler than the second,
which is referred to as *‘electroacoustics’’. Acoustics deals
only with the acoustics properties of the dispersion, such
as the “‘attenuation’’ and ‘sound speed.”’ Electroacoustics
is more complicated because it is related to the coupling
between the acoustic and electric properties of the
dispersion.

The history of the acoustics can be traced back to the
creation of the first hardware for measuring the acoustic
properties of liquids more than 50 years ago at MIT (1) by
Pellam and Galt. The first attempt to develop an acoustic
theory for heterogeneous systems was by Sewell 90 years
ago (2), whereas the general acoustic principles for dilute
systems were successfully formulated 45 years ago by
Epstein and Carhart (3). A long list of applications and ex-
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periments using acoustic spectroscopy appears in several
reviews (4, 5). Despite all these developments, acoustic
spectroscopy is rarely mentioned in modern handbooks of
colloid science (6, 7).

Acoustics can provide reliable particle size information
for concentrated dispersions without any dilution. There
are examples for which acoustics yields size information at
volume fractions above 40%. Such in situ characterization
of concentrated systems makes the acoustic method very
useful and quite unique compared to alternative methods
including light scattering where extreme dilution is usually
required. Acoustics is also able to deal with low dispersed
phase volume fractions, and some systems can be char-
acterized at less than 0.1% vl. This flexibility in concen-
tration range provides an important overlap with classical
methods.

Acoustics does not require calibration with a known
colloid. It is calibrated on first principles and provides an
absolute particle size distribution (within the constraints of
the model). It is a big advantage over modern back-light
scattering technique, which is also supposed to work in
moderate concentrated dispersions (8). In addition, acous-
tics theory takes into account particle interaction (9),
whereas back-light scattering technique is lacking such a
theory.

Acoustics is more suitable than light scattering methods
for characterizing polydisperse systems. Acoustics yields
particle size on a weight basis, which makes it similar
to sedimentation techniques. Light scattering methods are
much more sensitive to the presence of larger particles
because this phenomenon exhibits a stronger dependence
on the particle size, such as fifth or sixth power. As a
result, light scattering methods tend to overestimate the
number of larger particles and are often not able to resolve
the presence of small particles in very polydisperse
systems.

In addition to particle size, acoustics can also provide
information about the microstructure of dispersed systems.
The acoustic spectrometer can be considered as a mic-
ro-rheometer. Unlike traditional rheometers, an acoustic
spectrometer applies stresses over a very short distance, on
the scale of microns, thus sensing the microstructure of the
dispersed system. This feature of acoustics is only be-
ginning to be exploited.

The operating principles of the acoustic spectrome-
ter are quite simple. The acoustic spectrometer generates
sound pulses that, after passing through a sample, are
measured by a receiver. The passage through the sample
system causes the sound energy to change in intensity and
phase. The acoustic instrument measures the sound energy
losses (attenuation) and the sound speed. The sound atten-
uates due to the interaction with the particles and liquid in

the sample system. Acoustic spectrometers work generally
in the frequency range of 1 to 100 MHz. This is a much
higher sound frequency than the upper limit of our hearing,
which is approximately 0.02 MHz. Acoustic spectrometer
is nondestructive; energy of the ultrasound is very low in
contrast with traditional sonicators built for eliminating
aggregation.

While the operating principles are relatively simple, the
analysis of the attenuation data to obtain particle size dis-
tributions does involve a degree of complexity, because
the experimental results must be fitted to rather complex
theoretical models based on various acoustic loss mechan-
isms. The advent of high-speed computers and the refine-
ment of these theoretical models have made the inherent
complexity of this analysis of little consequence. In com-
parison, many other particle sizing techniques such as
photon correlation spectroscopy also rely on similar levels
of complexity in analyzing the experimental results.

Acoustic methods are very robust and precise (10).
They are much less sensitive to contamination compared to
the traditional light-based techniques, because the high
concentration of particles in the fresh sample dominates
any small residue from the previous sample. It is a rela-
tively fast technique as well. Normally, one particle size
measurement can be done in a few minutes. These features
make acoustic very attractive for on-line particle size
monitoring.

Electroacoustics is a relatively new technique com-
pared to acoustics. The first reference to an electroacoustic
effect was made by Debye (11), and there are several short
historical reviews (12, 13). Electroacoustics is more com-
plex than acoustics because an additional electric field is
involved. Electroacoustics, in principle, can provide par-
ticle size information as well as zeta potential. There are
two different implementations of electroacoustics, de-
pending on which field is used as the driving force. Elec-
trokinetic sonic amplitude (ESA) involves the generation
of sound energy caused by the driving force of an applied

electric field. Colloid vibration current (CVI) is the phe-AQ2

nomenon where sound energy is applied to a system, and a
resultant electric field or current is created by the vibration
of the colloid electric double layers.

There are two different opinions about the application
of ultrasound-based techniques to characterizing colloidal
dispersions discussed in the article (14). We believe that
acoustics is much more powerful than electroacoustics for
particle size characterization. At the same time, electro-
acoustics is the wonderful tool for C-potential character-
ization. We gave several positive arguments supporting
our viewpoint years ago in the article (14). Here, we
repeat them with some additions resulting from our long
experience.
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Table 1 Advantages of the acoustics over the electroacoustics
for particle sizing

1. No calibration using colloid with the known particle size
Much wider particle size range from 10 nm to
100 microns, compared to the typical electroacoustic
range from 100 nm to 10 microns
3. Particle size is independent of any assumptions
and any influence of the particle’s double layers
Particle sizing of uncharged particles
Particle size at high conductivity
Much less sensitive to the temperature variation
Much less sensitive to contamination

N0k

Taking into account these arguments, we suggested the
combination of acoustics and electroacoustics. According
to this scheme, acoustics provides the particle size distri-
bution, whereas electroacoustics is used only for C-po-
tential characterization. We would like to stress here that
electroacoustics has many advantages over traditional
microelectrophoretic method of the C-potential measure-
ment. These advantages are summarized in Table 2.

Interaction of ultrasound with a heterogeneous dis-
persed system involves various thermodynamic, hydrody-
namic, and electrodynamic effects. The general theoretical
picture is rather complex; however, there is always an
opportunity to apply some simplification in the case of the
particular real dispersion. This fortunate feature of acous-
tics historically has been implemented in terms of various
mechanisms of the ultrasound interactions with a dispersed
system. All together, six mechanisms are known: 1) vis-
cous; 2) thermal; 3) scattering; 4) intrinsic; 5) structural;
and 6) electrokinetic.

1. The ‘‘viscous’ mechanism is hydrodynamic in
nature. It is related to the shear waves generated by
the particle oscillating in the acoustic pressure
field. These shear waves appear because of the
difference in the densities of the particles and me-
dium. The density contrast causes the particle mo-
tion with respect to the medium. As a result, the
liquid layers in the particle vicinity slide relative to
each other. The sliding non-stationary motion of
the liquid near the particle is referred to as the
‘‘shear wave.”” This mechanism is important for
acoustics. It causes loss of acoustic energy due to
the shear friction. Viscous dissipative losses are
dominant for small rigid particles with sizes below
3 microns, such as oxides, pigments, paints, cera-
mics, cement, and graphite.

The viscous mechanism is closely related to the
electrokinetic mechanism, which is also associated
with the shear waves.

2. The ‘‘thermal’’ mechanism is thermodynamic in
nature, and it is related to the temperature gra-
dients generated near the particle surface. Tem-
perature gradients are due to the thermodynamic
coupling between pressure and temperature. This
mechanism is also important for acoustics. Dis-
sipation of the acoustic energy caused by thermal
losses is the dominant attenuation effect for soft
particles, including emulsion droplets and latex
beads.

For yet unknown reasons, this thermodynamic
effect does not show up in electroacoustics. There
is a hypothesis (13) that it might be explained by
different symmetry of thermodynamic and elec-
trodynamic fields that eliminates their coupling.

3. The ‘‘scattering’’ mechanism is essentially the
same as in the case of the light scattering. Acoustic
scattering does not produce dissipation of acoustic
energy. Particles simply redirect a part of the
acoustic energy flow, and, as a result, this portion
of the sound does not reach the sound transducer.
Scattering mechanism contributes to the overall
attenuation and is important for acoustics. This
contribution is significant for larger particles (> 3
microns) and high frequency (> 10 MHz).

4. The “‘intrinsic’’ mechanism is the part of acous-
tics. It causes loss of acoustic energy due to the
interaction of the sound wave with the materials
of the particles and medium as homogeneous
phases on a molecular level. It must be taken into
account when overall attenuation is low, which
might happen for the small particles or low volume
fractions.

5. The “‘structural’” mechanism bridges acoustics
with reology. Actually, one can consider acoustic
spectrometer as microreometer. In both cases, we
apply stress and measure response. The difference
is a scale of the applied stress. In the case of
acoustics, we apply stress over a half wavelength,
which is only about tenths of a micron on the me-

Table 2 Advantages of the electroacoustics over microelec-
trophoresis for (-potential characterization

No dilution, volume fraction up to 50%
Less sensitive to contamination

Higher precision (= 0.1 mV)

Low surface charges (down to 0.1 mV)
Electroosmotic flow is not important
Convection is not important

Accurate for nonaqueous dispersions

Nk wb =
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gahertz scale. Structural mechanism might con-
tribute to the acoustic attenuation. Unfortunately,
this mechanism is still well described.

6. The ‘‘electrokinetic’’ mechanism describes inter-
action of the ultrasound with the double layer of
particles. Oscillation of charged particles in the
acoustic field leads to the generation of an alter-
nating electrical field, and consequently to alter-
nating electric current. This mechanism is a basis
for elerctroacoustics. It turned out that its contri-
bution to the acoustic attenuation is negligible. It is
a very important feature of acoustics because it
makes it independent of the electric properties of
the dispersion, including properties of the double
layers.

There is no theory that would take into account all six
mechanisms. Derivation of such a theory is complicated
by possible coupling between various mechanisms. Par-
ticle-particle interaction brings an additional factor that
must be considered in the concentrated systems. Fortu-
nately, there is an opportunity to simplify this theory dra-
matically, applying so called ‘‘long wave requirement’’
(15), which requires the wave length of the sound wave X
to be larger than particle radius a.

A >>a (1

The ‘‘long wave requirement’’ (Eq. 1) restricts particle
size for a given set of frequencies. Our experience shows
that particle size must be below several tenths of a micron
for the frequency range from 1 to 100 MHz. This restric-
tion is helpful for characterizing small particles.

Long wave requirement allows us to consider all me-
chanisms separately. For instance, we can express the total
attenuation measured with the acoustic spectrometer « as a
the sum of these five partial attenuations:

Q@ = Qyis + Qe + Qe + Qline + Qe (2)

where «;, is the contribution of the viscous mechanism,
oy, 1S the contribution of the thermal mechanism, ay. is the
contribution of the scattering mechanism, «;, is the at-
tenuation in the pure liquid, and oy, is the attenuation
caused by oscillation of the particles bounds in the struc-
tured dispersion.

There is another approach to acoustics that employs a
‘‘short wave requirement.”’ It was introduced by Riebel
(16). This approach works only for large particles above 10
microns and requires limited input data about the sample.

Adopting long wave requirement allows us to use a
““‘coupled phase model’’ (9, 17, 18) for describing relative
motion of the particles and liquid and ‘‘cell model con-
cept’” (19, 20, 25, 26) for incorporating hydrodynamic

and electrodynamic particle interaction. These two useful
theoretical methods are described below.

This review describes the present state of both acous-
tics and electroacoustics. We give here a short overview
of the modern theory using the same basic notions and
principles for both acoustics and electroacoustics. Then,
we describe experimental tests that have been performed
in order to verify this theory. At the end, we give some
examples that illustrate the usefulness of these ultrasound-
based techniques for characterizing real dispersions.

THEORY

Theories of various ultrasound-based techniques have a
lot in common. Here, we present the general basis of
the theory and particular implementations for acoustics
and electroacoustics, which are valid for concentrated
dispersions.

Coupled Phase Model

Let us consider the infinitesimal volume element in the
dispersed system There is a differential force acting on this
element proportional to the pressure gradient of the sound
wave VP. This external force is applied to both the par-
ticles and liquid and is distributed between particles and
liquid according to the volume fraction ¢.

Both particles and liquid move with an acceleration
created by the sound wave pressure gradient. In addition,
because of inertia effects, the particles move relative to the
liquid, which causes viscous friction forces acting between
the particles and liquid.

The balance of these forces can be presented using the
following system of equations written separately for par-
ticles and liquid:

ou

— @ VP = wpp# + y(up — ) 3)

Ouyy,
—(I-¢) VP = (l—w)pm%—v(up—um) )

where u,, and u, are velocities of the medium and parti-
cles in the laboratory frame of references, ¢ is time, and ~
is a friction coefficient that is proportional to the volume
fraction and particle hydrodynamic drag coefficient ()

I
2a?
Fr = 6mmal)(uy — uy,)
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where 7 is dynamic viscosity and a is the particle’s
radius.

In addition, we can use the mass conservation law,
which might be presented as follows:

oP

% = M*(1 — ¢)Vu, + M ¢oVu, (5)
where M* is a stress modulus (the reciprocal of com-
pressibility) of the dispersed system and ¢ is a time.

The system of Egs. 3—5 is well known in the field of
acoustics. It has been used in several papers (9, 17, 18) for
calculating sound speed and acoustic attenuation. It is
valid without any restriction on volume fraction. Impor-
tantly, it is known that this system of equations yields a
correct transition to the dilute case.

This system of equations is normally referred to as the
“‘coupled phase model.”” The word ‘‘model’’ usually sug-
gests the existence of some alternative formulation, but it
is hard to imagine what one can change in this set of force
balance equations, which essentially express Newton’s
second law. Perhaps, the word ‘‘model’’ is too pessimistic
in this case.

The ‘‘coupled phase model’’ opens an opportunity to
describe a polydisperse system without using superposi-
tion assumption. In order to do this, we have to reformulate
equations of the force balance for the polydisperse system.

Let us assume now that we have a polydisperse system
with conventional N fractions. Each fraction of particles
has certain particle diameter d; , volume fraction ¢; , drag
coefficient +; , particle velocity u; in laboratory frame of
reference. We assume density of the particles to be the
same for all fractions p,. Total volume fraction of the dis-
persed phase is ¢. Liquid is characterized by dynamic vis-
cosity 7, density p,,, and velocity in the laboratory frame of
reference u,,.

Coupled phase model suggests to apply force balance to
each fraction of the dispersed system including dispersion
medium. We did it before for one fraction. Now, we apply
the same principle to the N fractions. In addition, we con-
sider time and space dependent on the unknown field
variables P, u,,, and u,, as a monochromatic wave Ael@i=).
where j is a complex unit, / is a complex wavenumber, and
w is a frequency of the ultrasound. As a result, we obtain
the following system of N + 1 equations:

—pIVP = pppjwuy

+ 71 (ul - um)
.......................... N equations for particles (6)

_(1 —@)VP = (1 - Sp)pmjwum

- Z Yi(ui — )

equation for the liquid  (7)

where
1872
Yi = diz
Xitockers = 37T77dQ(ul - um)

Coupled phase model (13) allows us to calculate the
particle velocity relative to the liquid (u; — u,,) for each
fraction without using superposition assumption. We can
solve system of N+ 1 equations following our previous
paper (13). In order to do this, we reformulate all equa-
tions, introducing desirable quantities x; = u; —u,,, and
eliminate parameter u,, using the last equation, which
specifies the liquid velocity in a form:

VP Z i

Up = — = + N (8)
Jwpm (1 = ©)jwpm

The new system of N equations is:

Pp >VP - ( ’Yi) Pp
o _ = ( jwp, + = |xj + —L—
<pm v Pi (1_50)pm

X Z YiXi )

This system can be solved using the principle of
mathematical induction. We guess solution for N fractions
and then prove that the same solution works for N+ 1
fraction. As a result, we obtain the following expression
for velocity of the i-th fraction particle relative to the

liquid:
(”P - 1) VP
Pm

. Vi Pp Vi
(]wp,, + ) 1+ Z o’
Wi (1 —©)pm = Jwpp + —
Pi

(10)

Ui — Uy

This particle velocity is important for further calcula-
tion in the electroacoustic theory. At the same time the
““‘coupled phase model’’ yields an important result for the
acoustic theory. System of Eqs. 6—7 combined with the
mass conservation law allows us to calculate the complex
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Fig. 1 Theoretical attenuation of the 40%vl alumina slurry with 1 micron particles at different values of the first virial coefficient

assuming the second virial coefficient to be a zero.

wavenumber without using superposition assumption.
This was done in another paper (9). We reproduce the
result below (see Eq. 11) where

Den; = —wPpip, + juwyi + jwéi + 0

Parameters (3; and §; are two first virial coefficients that
characterize oscillation of the structure in the case when
particles are bound. These parameters link this theory to
the reology. We show in this article, following another
paper (52), how to use these parameters on the example of
the real structured concentrated dispersions of alumina.

Figs. 1 and 2 illustrate the effect of the structure on the
attenuation spectra of 40%vl alumina dispersion with me-
dian size of 1 micron. It is seen that the first virial coef-
ficient just shifts the critical frequency, keeping the shape
of the curve more or less intact and the peak attenuation
constant. Because the particle size is reciprocally propor-
tional to the square root of this critical frequency, the
influence of the structure must be very substantial in order
to create large errors in the particle size.

Influence of the first virial coefficient could not affect
quality of fitting. For instance, it cannot explain possible
excess attenuation. Elastic structure does not change the
amplitude of attenuation.

In principle, this second virial coefficient can be ex-
tracted from the attenuation spectra as an adjustable para-
meter as it is shown below.

Eq. 11 specifies the complex wavenumber neglecting
thermodynamic effects. There is a version of the coupled
phase model that takes into account thermodynamic ef-
fects as well (21). It is important in the case of the flex-
ible particles when the ‘‘thermal’”> mechanism becomes
significant.

Coupled phase model does not assume the absence of
the particle-particle interaction. Parameters (§; and 6, ref-

lect the specific particles, interaction like polymer bonds,AQ3

whereas the hydrodynamic particle-particle interaction is
incorporated into the drag coefficient . We can take into
account this hydrodynamic effect calculating v using
“‘cell model concept,”” which is described in the follow-
ing section.

i(Den; — juwy;)
1—
M ( #)om + ; JjwDen;
E R A ~i(Den; — jwy:) "
1— + i i o i i i i
L4 — Den; ; Den; Pm = PP+ ; JjwDen;
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Fig. 2 Theoretical attenuation of the 40%vl alumina slurry with 1 micron particles at different values of the second virial coefficient

assuming the first virial coefficient to be a zero.

Cell Model Concept

The main idea of the ‘‘cell model’’ is that each particle in
the concentrated system is considered separately inside of
a spherical cell of liquid associated only with a given
individual particle. The cell boundary conditions formu-
lated on the outer boundary of the cell reflect the particle-
particle interaction.

In the past, the cell model has been applied only to
monodisperse systems. This restriction allows one to de-
fine the radius of the cell. Equating the solid volume frac-
tion of each cell to the volume fraction of the entire system
yields the following expression for the cell radius b

[ (12)
Ve

In the case of a polydisperse system, the introduction
of the cell is more complicated because the liquid can be
distributed between fractions in an infinite number of
ways. However, the condition of mass conservation is still
necessary.

Each fraction can be characterized by particles radii a;,
cell radii b;, thickness of the liquid shell in the spherical
cell [; = b;—a; and volume fraction ;. The mass con-
servation law relates these parameters together as follows:

N I3
E (1 +—') pi =1 (13)
aj

i=1

This expression might be considered as an equation
with N unknown parameters /;. An additional assumption
is still necessary to determine the cell properties for the
polydisperse system. This additional assumption should
define the relationship between particle radii and shell
thickness for each fraction. We suggest the following
simple relationship:

l,’ = la:’ (14)

This assumption reduces the number of unknown para-
meters to only two, which are related by the following
expression:

N

S (U +ia "y =1 (15)

i=1

The parameter 7 is referred to as a ‘‘shell factor’’. Two
specific values of the shell factor correspond to easily un-
derstood cases. A shell factor of 0 depicts the case in which
the thickness of the liquid layer is independent of the
particle size. A shell factor of 1 corresponds to the normal
‘‘superposition assumption,”” which gives the same rela-
tionship between particles and cell radii in the mono-
disperse case, i.e., each particle is surrounded by a liquid
shell that provides each particle the same volume concen-
tration as the volume concentration of the overall system.

In general, the “‘shell factor’ might be considered an
adjustable parameter because it adjusts the dissipation of
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energy within the cells. However, our experience using
this cell model with acoustics for particle sizing (22) in-
dicates that a shell factor equal to 1 is almost always suit-
able. We take this value of n for the further derivations.

Cell model concept can be applied for describing the
hydrodynamic effects as well as electrokinetc effects. The
following sections present the short review of both types
of the cell models.

Hydrodynamic Cell Model

Two of the most widely used hydrodynamic cell models
are named according to the names of their authors: Happel
cell model (23) and Kuwabara cell model (24). Both are
formulated for incompressible liquid. The long wave-
length requirement (Eq. 1) allows us to use these tradi-
tional hydrodynamics in the nonstationary case of the
ultrasound field. The system of equations for liquid veloci-
ty # and hydrodynamic pressure P is as follows:

d
pmd—I: = 1 rot rot u + gradP (16)
divu =0 (17)

Both models apply the same boundary conditions at the
surface of the particle:

u(r = a) = u, — uy (18)
up(r = a) = —(upy — uy) (19)
The boundary conditions at the surface of the cell are
different. For the Kuwabara cell model, it is given by the
following equations:
rot u,—, = 0 (20)
u(r =>0) =0 (21)

In the case of the Happel cell model, they are

1 Ou, o B
lr;[(r_b)_780+rar_0 (22)
u(r =5b) =0 (23)

The general solution for the velocity field contains
three unknown constants: C, C;, and C,,

w(r) = c<1—i> +1.5/rb <1—)ri)h(x)dx

(24)

up(r) = —c(1+2b—:3> - 1.5/rb <1+2x—:3)h(x)dx

(25)

h(x) = Cihi(x) + Coha(x) (26)

The drag coefficient can be expressed in the following
general form for both Kuwabara and Happel cell models:

a? d(Clhl + C2h2) Cihy + Chy
Q=2 +
3 dx o .
4ja?
_% 27)

where x is normalized same way as «, coefficients C; and
C, are different for two cell models:

Kuwabara Happel
c, ha(b) bhy(b) — 23
I bl +2(L13 — I11x3)
C, 3 hy(b) _ bhy(b) — 2113
1 bl + 2(12113 — 11[23)

The Happel cell model is more suitable more for acous-
tics because it describes more adequately energy dissipa-
tion, whereas the Kuwabara cell model is better for elec-
troacoustics because it automatically yields the Onsager
relationship (25, 20).

Electrokinetic Cell Model

Electrokinetic cell models are the results of some gene-
ralization of the hydrodynamic cell model. There are many
ways to perform this generalization and, correspondingly,
many ways to create a different electrokinetic cell model.
The difference between electrokinetic cell models is re-
lated to the description of the electric characteristics. The
relationship between macroscopic, experimentally mea-
sured electric properties and local electric properties
calculated using cell concept varies for different cell mo-
dels. For instance, the Levine-Neale cell model (27) spe-
cifies this relationship using one of the many possible
analogies between local and macroscopic properties. Mac-
roscopic properties are current density <> and electric
field strength < E >. They are related with local electric
current density / and electric field V¢ according to the
Levine-Neale cell model with the following expressions:

I,

<I> =
b cosOr=p

(28)
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£ 1 0¢
<hEe = cos® Orr=p 2

Eq. 28-29 are not unique. There are many other ways
to relate macroscopic and local fields. It means that we
need a set of criteria to select a proper cell model. These
criteria have been suggested in the electrokinetic cell
model created by Shilov and Zharkikh (25, 26). Their two
criteria determine a proper choice of the macroscopic
““fields’” and ‘‘flows.”

The first criterion is a well-known Onsager relationship
(6) that constrains values of the macroscopic particles
velocity relative to the liquid <V >, macroscopic pres-
sure < P >, electric current </ >, and field < E >:

<V> <E>

= —— 30
<VP> <1>=0 G0

<I> <vp>=0

This relationship requires a certain expression for
entropy production X:

1
ZZT(<1><E>+<V><VP>) (31)

Shilov and Zharkikh used this relationship between
““fields,”” “‘flows,”” and entropy production in order to de-
rive the cell model condition for macroscopic properties. It
turned out that the expression for the macroscopic field
strength is different compared with Levine-Neale:

¢

<E>=———
b cosB,_,

(32)
whereas expression for the macroscopic current is the
same in both models.

This cell model yields the correct transition to the
Smoluchowski law. Smoluchowski law is a very important
test for any electrokinetic theory because it is valid for any
geometry and volume fraction. Failure to satisfy the
Smoluchowski law test is a clear indication that the theory
is not correct. Shilov and Zharkikh wrote in their paper
that their theory met the Smoluchowski law requirement.
They even made a stronger conclusion that it was the
Levine-Neale cell model that did not reduce to the Smo-
luchowski law. These opinions are discussed in their paper
(20). It was shown again that this difference comes from
the misunderstanding of the Smoluchowski law in the case
of concentrated systems. The version of the Smoluchowski
law that is valid in concentrated systems confirms the
Shilov-Zharkikh cell model.

Theory of Acoustics

The most well-known acoustic theory for heterogeneous
systems was developed by Epstein, Carhart (3), Allegra,

and Hawley (28). The theory takes into account the four
most important mechanisms (viscous, thermal, scattering,
and intrinsic) and is termed the ‘‘ECAH theory.”’ It des-
cribes the acoustic attenuation for a monodisperse system
of spherical particles and is valid only for dilute systems.
Extensions of the ECAH theory to include polydispersity
have typically assumed a simple linear superposition of the
attenuation for each size fraction. The term ‘‘spherical’’ is
used to denote that all calculations are performed as-
suming that each particle can be adequately represented as
a sphere.

Most importantly, the term ‘dilute’” is used to indicate
the assumption that there are no particle-particle interac-
tions. This fundamental limitation normally restricts the
application of the resultant theory to dispersions with a
volume fraction of less than a few volume percent. How-
ever, there is some evidence that the ECAH theory, in
some very specific situations, does nevertheless provide a
correct interpretation of experimental data, even for vol-
ume fractions surprisingly as large as 30%.

An early demonstration of this ability of the ECAH
theory was provided by Allegra and Hawley. They ob-
served almost perfect correlation between experiment and
ECAH theory for the following dispersions: a 20% by
volume toluene emulsion; a 10% by volume hexadecane
emulsion; and a 10% by volume polystyrene latex. Expe-
riments with emulsions by McClements (29, 30) have pro-
vided similar results. The recent work by Holmes, Challis,
and Wedlock (31, 32) also shows good agreement bet-
ween ECAH theory and experiments, even for 30% by
volume polystyrene latex. An absence of particle-particle
interaction was also observed with neoprene latex (33).

It is important to note that the unexpected validity of
the dilute ECAH theory for moderately concentrated sys-
tems has only been demonstrated in systems where the
“‘thermal losses’’ were dominant, such as emulsions and
latex systems.

The difference between the ‘‘viscous depth’” and the
““thermal depth’’ provides an answer to the observed dif-
ferences between emulsions and solid particle dispersions.
These parameters characterize the penetration of the shear
wave and thermal wave correspondingly into the liquid.
Particles oscillating in the sound wave generate these
waves, which damp in the particle vicinity. The charac-
teristic distance for the shear wave amplitude to decay is
the ‘‘viscous depth’’ §,. The corresponding distance for
the thermal wave is the ‘‘thermal depth’’ §,. The following
expressions give values for the parameters in dilute
systems:

617 = \/5; (33)
w

3
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2T
(51 = —T (34)
WPm CI’,”

where v is the kinematic viscosity, w is the sound fre-
quency, p,, is the density, 7, is heat conductance, C,' is a
heat capacity at constant pressure of liquid.

The relationship between 6, and ¢, has been considered
before. For instance, McClements plots *‘thermal depth’’
and ‘‘viscous depth’’ versus frequency (29, 30). It is easy
to show that the ‘‘viscous depth’’ is 2.6 times more than
the ‘‘thermal depth’” in aqueous dispersions. As a result,
the particle viscous layers overlap at the lower volume
fraction more than the particle thermal layers. Overlap of
the boundary layers is the measure of the corresponding
particle-particle interaction. There is no particle interac-
tion when corresponding boundary layers are sufficiently
separated.

Thus, an increase in the dispersed volume fraction for a
given frequency first leads to the overlap of the viscous
layers because they extend further into the liquid. Thermal
layers overlap at higher volume fractions. Therefore, the
particle hydrodynamic interaction becomes more impor-
tant at the lower volume fractions than the particle ther-
modynamic interaction.

Overlap of the boundary layers affects a critical fre-
quency at which attenuation expressed in dB/cm/MHz
reaches maximum. For systems where the viscous acoustic
losses dominate, the maximum is shifted to higher fre-
quencies at high concentrations, which will result in a
lower attenuation value for a given frequency. Therefore,
if the attenuation is considered at a single frequency, the
attenuation will at first increase with higher dispersed
phase. Once the concentration is high enough, the at-
tenuation curve and maximum shift to higher frequencies,
and the attenuation at the considered single frequency
decreases. This effect is illustrated with calculated atten-
uation spectra in Fig. 3, and later it is proved with equi-
librium dilution test (13).

The 2.6 times difference between 9, and 6, leads to a
large difference in the volume fractions corresponding to
the beginning of the boundary layer overlap. It is inter-
esting that this important feature of the ‘‘thermal losses’’
works for almost all liquids (34, 21). Therefore, *‘thermal
losses’” are much less sensitive to the particle-particle in-
teraction than ‘‘viscous losses’” for almost all known li-
quids. It makes ECAH theory valid in a much wider range
of emulsion volume fractions than one would expect.

There is one fact that follows from the values of the
liquid’s thermal properties that makes it convenient to use
ECAH theory. In general, ECAH theory requires informa-
tion about three thermodynamic properties: thermal con-

10+
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Fig. 3 Attenuation spectra calculated for various volume frac-
tions of the dispersion of 1 micron particles.

ductivity 7, heat capacity C,, and thermal expansion (3. It
turns out that 7 and C,, are almost the same for all liquids
except water (35). The number of required parameters is
then reduced to one thermal expansion. The parameter of
the thermal expansion then plays the same role in ‘‘ther-
mal losses’” as density in ‘‘viscous losses.”’

ECAH theory has a big disadvantage of being math-
ematically complex. It cannot be generalized for particle-
particle interactions. Long wave requirement allows us to
overcome this problem by simplifying the theory. We can
express the total attenuation measured with the acoustic
spectrometer as the sum of these five partial attenuations
(see Eq. 2) if long wave requirement is valid. In addition,
by restricting frequency and particle size with the long-
wave requirement, we can use the simpler explicit expres-
sion for the thermal losses o, obtained initially by Isa-
kovich (36) and confirmed later by Epstein, Carhart (3),
Allegra, and Hawley (28):

2
_ 30TCPmTm B Bp

Q= 2a2 me,’," o ppcg
1  tanh
><Re< A ) (35)
1 —jzn 7ptanh z, —z,
where
wpC,
2 = (1+j)ay/ 222
2T
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At the same time, the long wave requirement provides
a sufficient simplification of the theory for taking into
account particle-particle hydrodynamic interaction into
the theory of the viscous losses. It has been done (9) on
the basis of the ‘‘coupled phase model’” (17, 18). This
new theory works up to 40%vol and yields the following
expression for the complex wavenumber / assuming vis-
cous losses as the only mechanism of the particles’ inter-
action with the sound wave:

P
pu(1 =) +p,
PM* ! ,Z;prpsontm
=
w (- Zsoz ¢ =2)% = @i (1 = ©)pm
Jwpppi =i

(36)

where () is a drag coefficient specified above, M* is stress
modulus, which can be expressed in terms of densities and
sound speeds as follows:

pP Pm€ m

M =
©PmCE + (1 - w)ppCZ

Eq. 36 specifies the value of viscous losses:
s = —Iml (37)

This theory can be used also for calculating sound speed
of the dispersions where viscous losses are dominant.

w

“ 7 Rel

(38)
Eq. 36 neglects contribution from the specific forces
or particle bonds. It means that it is valid only in non-
structured dispersions. In the case of the structured dis-
persions, the more general Eq. 11 must be used. That
equation presents the contribution of both the viscous and
structural losses. It is interesting to consider an extreme
case when viscous losses are negligible, but structural ones
are dominant. It is a case of the gels made either by very
small nano-particles or by polymers. Eq. 11 yields the
following expression for the structural losses of gels:

PK* po(B — & ppip) +jwdpo
w? (1 =) (8—w?ppp) —w?o?po] +j(1 — p)wd
(39)

Expressions for calculating intrinsic o;,, and scattering
losses ay,. for long wave limit are given in the papers of
McClements (4, 29, 30). He uses the term ‘‘lossless scat-
ters’” for describing sound propagation through the system

when dissipative mechanisms of viscous and thermal los-
ses are negligible. Intrinsic attenuation in such a system
can be expressed as follows (33):

(67 PmCp
(I-p)er+te
o = — Cn Lo /% (40)
— m
_ ¥ + <P/)r;
Cn p]’cp

where o, and q, are attenuations of the medium and par-
ticle materials.

Scattering attenuation can be calculated following the
Waterman-Truell theory (37), which yields the following
expression for the complex wavenumber /; associated with
scattering:

2 3 9j
oo - ) (1 -4,
2 (Ina) (Ina)

where Ay and A; are monopole and dipole scattering co-
efficients calculated for a single particle,

w .
Iy = — +Jje
Cs
w .
lm = _+]am
Cm

The simplest formula expressing the scattering losses
in terms of densities and sound speeds can be derived
from Ref. 10 for a single scattering:

2 2
_ (pw4a3 1 PmC,Zn Pp = Pm
Qe = Py 1 - +
2¢4 13 PpCh 20y + pm

It is seen that scattering losses depend on frequency
very strongly. According to our experience, scattering is
important only for large particles (> 3 microns) and at
high frequencies (> 10 MHz).

There are two recent developments in the theory of
acoustics that deserve to be mentioned here. The first one
is a theory of acoustics for flocculated emulsions (38). It is
based on ECAH theory, but it also uses an ‘‘effective me-
dium’’ approach for calculating thermal properties of the
flocs. The success of this idea is related to the feature of
the thermal losses that allows for insignificant particle-
particle interactions even at high-volume fractions. This
mechanism of acoustic energy dissipation does not require
relative motion of the particle and liquid. Spherical sym-
metrical oscillation is the major term in these kinds of
losses. This provides the opportunity to replace the floc

(41)
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with an imaginary particle assuming a proper choice for
the thermal expansion.

Another significant recent development is due to Sam-
uel Temkin. He offers in his recent papers (39-40) a
new approach to the acoustic theory. Instead of assuming a
model dispersion consisting of spherical particles in a
Newtonian liquid, he suggests that the thermodynamic
approach is explored as far as possible. This new theory is
based on particle velocities and temperature fluctuations.
Temkin’s theory yields some unusual results, but has not
yet been used in commercially available instruments.

Theory of Electroacoustics

Whereas acoustic spectroscopy describes the combined
effect of all loss mechanisms, electroacoustic spectrosco-
py, as it is presently formulated, emphasizes only elec-
trokinetic mechanisms.

In acoustic spectroscopy, sound is utilized as both the
excitation and the measured variable, and therefore there is
but one basic implementation. In contrast, electroacoustic
spectroscopy deals with the interaction of electric and
acoustic fields, and therefore there are two possible im-
plementations. One can apply a sound field and measure
the resultant electric current, which is referred to as the
colloid vibration current (CVI), or conversely one can ap-
ply an electric field and measure the resultant acoustic
field, which is referred to as the electronic sonic amplitude
(ESA).

CVP occurs when the density of the particles p,, differs
from that of the medium p,, and the particles move
relative to the medium under the influence of an acoustic
wave. This motion causes a displacement of the internal
and external parts of the double layer (DL) and is usually
referred to as a polarization of the DL (44). The dis-
placement of opposite charges gives rise to a dipole mo-
ment and the superposition of the electric fields of these
induced dipole moments over the collection of particles
gives rise to a macroscopic electric current defined as the
CVI. Thus, the fourth mechanism of particles interaction
with sound leads to the transformation of part of the acous-
tic energy to electric energy. This electric energy may then
be dissipated if the opportunity for electric current flow
exists.

ESA occurs when an alternating electric field is applied
to the disperse system (12). If the zeta potential of the
particle is greater than zero, then the oscillating electro-
phoretic motion of the charged dispersed particles gene-
rates a sound wave. Both electroacoustic parameters CVI
and ESA can be experimentally measured. The CVI or
ESA spectrum is the experimental output from electro-
acoustic spectroscopy. Both of these spectra contain in-

formation about C-potential and PSD; however, only one
of the electroacoustic spectra is required because both of
them contain essentially the same information about the
dispersed system.

The conversion of electroacoustic spectra into particle
size distribution (PSD) requires a theoretical model of the
electroacoustic phenomena. This conversion procedure is
much more complicated for electroacoustics compared to
acoustics because of the additional complications arising
from the added electric field.

There are two quite different approaches to derive an
electroacoustic theory. Historically, the first began with
works by Enderby and Booth (41, 42). They simply tried
to solve a system of classical electrokinetic equations
without using any thermodynamic relationships. It was
very complex because they took into account surface
conductivity effects. Although this initial theory was valid
only for dilute systems, this approach was later expanded
by Malrow, Fairhurst, and Pendse (43), who tried to
generalize it for concentrated systems using a Levine cell
model. Unfortunately, this first attempt to create electro-
acoustic theory for concentrates was not successful be-
cause the Levine cell model is not suitable for this
purpose (13).

An alternative approach to electroacoustic theory was
suggested later by O’Brien (45, 46). He introduced the
concept of a dynamic electrophoretic mobility pyq and
suggested a relationship between this parameter and the
measured electroacoustic parameters such as CVI or ESA:

p”;—pm PuaE(VP) (42)

m

ESA(CVI) = Cea

where C., is a cell constant, P is the hydrodynamic
pressure, and E is the external electric field strength.

According to O’Brien’s theory, a complete functional
dependence of ESA(CVI) on the key parameters like (-
potential, particle size, and frequency is incorporated into
dynamic electrophoretic mobility. Coefficient of propor-
tionality between ESA(CVI) and pud is frequency inde-
pendent as well as independent of particle size and
(-potential. This peculiarity of Eq. 42 made dynamic elec-
trophoretic mobility a central parameter of the electro-
acoustic theory.

The first theory of the dynamic electrophoretic
mobility, which relates this parameter with other prop-
erties of the dispersed system, was created initially by
O’Brien for dilute cases only, neglecting particle-particle
interaction. We call this version the ‘‘dilute O’Brien’s
theory.”’

Later, he applied the Levine cell model, trying to ex-
pand dynamic electrophoretic theory to concentrated sys-
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Fig. 4 Theoretically calculated normalized CVI Eq. 47 vs. frequency for dispersion with 20%vl of 1 micron particles. Density of the

liquid is 1 g/cm?, of the particles — 2 g/cm?.

tems (46). This work was generalized recently by Ohshima
(47). We call this version the ‘‘O’Brien-Levine’’ theory.
Fig. 4 shows the relationship between different theories.

Comparison of the O’Brien-Levine cell model with
experiments did not provide agreement. For some time,
this was considered as a total failure of the ‘‘cell model
approach.”” The next attempt made by Ohshima, Shilov,
and A. Dukhin (20, 48, 49) using the Shilov-Zharkikh cell
model for dynamic electrophoretic mobility was not suc-
cessful either.

The reason for the “‘cell model’’ failure was not clear.
It is known that it works fine in stationary hydrodyna-
mics (19).

One of the possible reasons is related to the uncertainty
with the frames of reference in the definition of the dy-
namic electrophoretic mobility in Eq. 42 left by O’Brien.
We have tried two different frames of references (48), but
neither was satisfactory. However, it became clear that this
issue must be resolved.

The problem of the frames of reference can be easily
resolved in the case of CVI. Liquid outside of the sound
beam is immobile and can serve as a natural inertial frame
of reference. We do not know the answer to this question
for the ESA version of electroacoustics. There is no im-
mobile liquid in this case because electric field is applied
to the whole dispersion in the chamber, which makes this
issue much more complex and even hardware dependent.

Successful resolution of the frames of references al-
lowed us to build a completely new theory of electro-
acoustics for the CVI.

We have started with developing a low-frequency limit
theory, which is supposed to be similar to the Smolu-
chowski theory for microelectrophoresis. It is known that
the Smoluchowski theory works for any volume fraction
when it is valid (6, 7). And yet, it is not ‘‘cell model”’
based. This unique feature of the Smoluchwski equation
has much deeper roots, in particular in the space similarity
of the hydrodynamic and electrodynamic fields. We de-
cided to exploit the same similarity for the electroacoustic
theory.

It is known that the space similarity of these fields
exists only for thin double layer

ka << 1 (43)

where & is reciprocal Debye length. The first attempt to
eliminate this restriction in electroacoustic theory has
been described elsewhere (58, 59).

The second condition is a negligible surface conduc-
tivity, which is expressed in the terms of the small Dukhin
number (6):

Du << 1 (44)

In addition, we consider frequency only below
Maxwell-Wagner dispersion (51):

w << w, = — (45)
EEY
where € and ¢, are dielectric permittivities of the medium
and vacuum, K,, is the conductivity of the medium.
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The result of our efforts is the following equation:

ecoC(1 — ) (pp — ps) v

CVI, o =
T (14059

P (46)

This equation is the analog of the Smoluchowski equa-
tion for electroacoustics. It preserves all the wonderful
features of the Smoluchowski law. It is valid for particles
of any shape and any concentration when assumptions 43 —
45 are true. This equation is the natural low-frequency
asymptotic test for all possible electroacoustic theories.

Resolution of the frame of reference and creation of
the Smoluchowski electroacoustic limit allowed us to de-
velop a new theory based on the first approach. This has
been done by A. Dukhin, V. Shilov, H. Ohshima, and P.
Goetz in papers (13, 50) for the simpler case of the CVI
and/or CVP when the gradient of pressure is a driving
force generating electroacoustic signal. We would like to
be cautious concerning expanding this new theory to the
ESA phenomenon. It turned out that problem of frame of
reference has different implications for these different
electroacoustic effects.

This new electroacoustic theory yields the following
expression for CVI (see Eq. 47 below) where a is a par-
ticle size,« = a\/w/2v,3 = ba/a special functions A,
H, and [ are given below, H; = H(w,), I; = I(o;) and

I{U'

Kmai

This theory takes into account surface conductivity
effects and as a result is valid for any value of the Dukhin
number. This dimensionless parameter was introduced by
Lyklema (6).

It is interesting to mention that there might be a contra-
diction between O’Brien’s relationship Eq. 42 and
Smoluchowski low frequency (Eq. 46). Density contrast
is different in these two equations. O’Brien’s relationship
contains density difference between particle and media,
whereas the Smoluchowski limit has density difference
between particle and dispersion. This contradiction does
not mean that O’Brien’s relationship is wrong. It is pos-
sible that this additional density contrast is incorporated

DM,' =

N 1

into the dynamic mobility. Definition of the dynamic mo-
bility allows for this because of the uncertainty with the
frames of reference.

Recently published theory by Carnie and colleagues
(66, 67) apparently confirms our guess because it employs
O’Brien’s relationship and yet succeeds in interpreting
experimental data. It is also in good agreement with our
new theory (see Eq. 47 below).

We would like to stress that, according to our know-
ledge, commercially available electroacoustic spectrome-
ter based on the ESA principle Acoustosizer of Colloidal
Dynamics applies empirical correction for calculating
(-potential from the ESA signal. It follows directly from
the recent review published by Prof. Hunter who is one of
the Acoustosizer authors (12). This correction is neces-
sary because, as Prof. Hunter admits, their theory is valid
only up to 5%vl. This empirical correction works and dra-
matically reduces error of the Acoustosizer in some con-
centrated systems. Unfortunately, these empirical correc-
tions mask results of theoretically justified calculations.

So far, the new electroacoustic theory has been tested
with rigid heavy particles only. It is not clear yet how it
will work for emulsions, as there were no experimental
data with emulsions available. This concern is related to
the fact that this new theory as well as O’Brien’s theory
neglect thermodynamic effects. It is rather surprising as
the thermodynamic effect of ‘‘thermal losses’’ is dominant
for acoustics of emulsions. It is not clear yet why elec-
troacoustics is so different from acoustics for thermody-
namic effects not to be important.

A simple hypothesis that might explain this difference
is that electroacoustics is related to the displacement of
the electric charges in the double layer (DL). This dis-
placement is characterized by dipole symmetry (E = f(r)
cos 0). At the same time, ‘‘thermal losses’’ measured by
acoustics are associated mostly with spherical symmetry.
They are caused by oscillation of the particle’s volume in
the sound wave. It is clear that such a spherical symmet-
rical oscillation does not necessarily cause displacement of
electric charges with dipole structure.

This is a hypothesis and a fundamental theory that will
take into account the thermodynamic effects in addition to

pih(a;)
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electrodynamic and hydrodynamic effects should resolve
this question. The electroacoustic theory of emulsions will
not be complete unless such a theory is developed.
Nevertheless, electroacoustics even at its present stage
can yield very important information about electric sur-
face properties of emulsions as will be shown below.

EXPERIMENTAL TESTS

There are two goals for experimental tests. The first one is
to test the validity of the suggested theory in concentrated
systems. Equilibrium dilution is the logical experimental
protocol for achieving this goal because it provides a sim-
ply criterion of the theory. Equilibrium dilution maintains
the same chemical composition of the dispersion medium
for all volume fractions. As a result, parameters that are
sensitive to the chemistry must be the same for all volume
fractions. It means that C-potential calculated from CVI is
supposed to remain the same for all volume fractions as
well as particle size. Variation of either (-potential or
particle size with volume fraction is the indication that
particular theory does not reflect volume fraction depend-
ence properly.

The second goal of the tests is determination of the pre-
cision, accuracy, and resolution of these new techniques.

We cover both of these goals in this section.

We show that existing theories take into account hy-
drodynamic particle interaction properly up to 45%vl.

Precision of the acoustic median particle size character-
ization is 1%, and standard deviation is about 5%. Accu-
racy of the median particle size characterization is about
1%. Acoustic predicts somewhat broader PSD compared to
light-based methods. Resolution of the acoustics is about
1 micron particle per 100,000 particles of 100 nm size.

Precision of the electroacoustic C-potential character-
ization is about 0.1 mV.

It must be mentioned that these parameters are obtained
for specially prepared stable dispersions. Aggregation and
structure effects might affect these parameters.

Equilibrium Dilution

We used silica Ludox and rutile R-746 from Dupont for
this experiment.

Selection of the silica Ludox is related to the small size
of these particles. It allows us to eliminate any particle size
dependence in the Eq. 47 and test Smoluchowski limit
presented with Eq. 46. Using small particles gives one
simple advantage: it eliminates contribution of attenuation
because small particles do not attenuate sound at low fre-
quency. It means that choice of the small particles allows

us to test volume fraction dependence only. It is important
because this dependence is the most pronounced differ-
ence between different theories.

Silica Ludox TM satisfies all specified conditions be-AQ4

cause its nominal particle size reported by DuPont is about
22 nm. We measured the size using acoustics. It is quite
close to the nominal value as it will be shown below. At the
same time, particle size should not be too small for the
given ionic strength in order to satisfy the thin double layer
restriction. Silica Ludox meets this requirement because of
the relatively high ionic strength of about 0.1 mol/L.
Otherwise, we would have to generalize the theory remov-
ing thin double layer restriction following Babchin et al.
(58, 59).

Selection of rutile as the second dispersion gives us an
opportunity to test particle size dependence and enhance
the density contrast contribution. We used rutile R-746
produced by E. I. DuPont de Nemouirs. This product was a
concentrated stable dispersion with weight fraction of
solids 76.8% weight. We took 100 ml of this dispersion
and weighed it. This weight was 234 g, which yields par-
ticles” material average density 3.9 g/cm?. This density
was somewhat lower than the density of the regular rutile,
perhaps, because of the stabilizing additives.

Equilibrium dilution protocol requires a pure solvent
that is identical to the medium of the given dispersed sys-
tem. In principle, one can try to separate dispersed phase
and dispersion medium using either sedimentation or
centrifugation. This method does not work for silica Ludox
because particle size is too small.

The other way to create an equilibrium solution for
small silica Ludox is dialysis. We used this one. Dialysis

[
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Fig. 5 Equilibration of 3%vl zirconia slurry prepared in the

KC1 1072 with pH adjusted initially to 4. It is seen that equi-

libration takes about 2 hours.
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Fig. 6 Attenuation spectra measured for silica Ludox at dif-
ferent weight fractions. Equilibrium dilution.

allows us to equilibrate dispersion medium with external
solution over some period of time. We used regenerated
cellulose tubular membrane Cell Sept4 with pore sizes of
12,000—-14,000 Dalton. External solution was KCL 107!
mol/L. with pH adjusted to 9.5 using hydrochloric acid.
Membrane filled with silica Ludox was placed inside of

the KCI solution, which was continuously mixed with a
magnetic stirrer. We made two samples in order to check
reproducibility.

In addition, we prepared another setup using KCl solu-
tion with pH = 3. This setup allowed us to estimate the
equilibration time. Initial pH of the silica Ludox is about 9
at 23°C. We monitor change of the pH in the external
solution. Corresponding kinetic curve is shown in Fig. 5. ItF'5
is seen that pH becomes 8.6 after 3 hours of equilibration.
It was close to the final pH value 8.7 after 12 days of the
equilibration. We waited 12 days because equilibration
time depends on the diffusion coefficient, which is the
highest for H ions. The higher the diffusion coefficient, the
lower the equilibration time.

Before starting dilution, we again checked the weight
fraction of the silica Ludox using pyncnometer. We were
concerned about losing silica particles through the mem-
brane pores into the solution. Weight fraction remained
unchanged, which means that pores were too small for
silica particles.

We had two sets of 50% silica with corresponding
equilibrium solution. It allowed us to check two methods of
dilution. We used one set for diluting from the high weight
fraction down. We did this by adding solution to the dis-
persed system. We used the opposite procedure with the
other sample. We added dispersed system to the solution.

In the case of rutile, we used centrifugation of the initial
76.8%wt dispersion in order to create equilibrium super-
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Fig. 7 Attenuation spectra measured for rutile R-746 by DuPont at different weight fractions. Equilibrium dilution.
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nate. We used this supernate for preparing equilibrium
1.1% vl rutile dispersion diluting initial dispersion. After
making measurement with this dilute system, we added
more initial dispersion for preparing next volume fraction:
3.2% vl. We proceeded this way, making a more and more
concentrated system. All together, 11 different volume
fractions from 1.1%vVl to 45.9%v1 were tested (see Fig. 7).

For each volume fraction, we measured attenuation
spectra, sound speed, pH, conductivity, temperature, mag-
nitude, and phase of CVL

Attenuation spectra were measured within the fre-
quency range from 3 to 100 MHz, sound speed at 10 MHz,
conductivity at 3 MHz, magnitude of CVI at 3 MHz, phase
of CVI at 1.5 MHz. Some of the results are discussed
below.

Measured attenuation spectra are shown in Figs. 6 and
7.1t is seen that attenuation for silica Ludox is much lower
than for rutile. This happens because of the smaller size

and lower density contrast for silica. Attenuation spectra
of silica become almost indistinguishable at volume frac-
tion above 9%. This reflects a nonlinear dependence of the
attenuation on the volume fraction. This nonlinearity ap-
pears because of the particle-particle interaction. This in-
teraction shifts critical frequency to the higher values.
This peculiarity of the attenuation spectra was known
before (9). It is even more pronounced for rutile (Fig. 7).
Attenuation at low frequency decreases with increasing
volume fraction above 16.6%vVl. It is exactly the same ef-
fect, which makes attenuation constant for silica.
Existing theory takes into account this nonlinear effect.
As a result, particle size calculated from this attenuation
spectra is almost constant for all volume fractions for both
silica and rutile (Fig. 8). Slight increase at high volume
fraction can be caused by aggregation. It is important to
mention here that dilute case theory would yield size
decreasing dramatically with volume fraction.

Silica
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Fig. 8 Median particle size calculated for silica Ludox and rutile R-746 at different volume fraction prepared with equilibrium dilution.
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It is seen that our size is somewhat larger than nominal.
Perhaps, the difference with nominal value is caused by a
different technique applied by DuPont for characterizing
the size of these particles. It is also clear that nominal size
corresponds to the dilute system, whereas we measured
size for the concentrated one.

It is seen (Fig. 6) that attenuation for silica at 3 MHz is
negligible indeed. It means that our expectations to
eliminate this contribution to the CVI measurement using
small particles were true.

At the same time, we have appreciable attenuation for
rutile at 3 MHz. This gives us a chance to verify the way
we correct CVI for sound attenuation.

Sound speed of the silica Ludox dispersion varies only
within 2% for weight fraction changing from 1 to 50% (see
Fig. 9). It eliminates contribution from the changing of the
acoustic impedance to the measured CVI for silica as well.

Fig. 10 gives (-potential calculated from the measured
CVI using various theoretical models. You can see that
only our new theory yields C-potential that remains almost
the same within the complete volume fraction range. Va-
riations do not exceed 10%.

At the same time, ‘‘hybrid O’Brien’s theory’” produces
a big drop in the (-potential at high volume fraction. This
theory is the combination of O’Brien’s relationship and
our cell model theory for dynamic electrophoretic mobi-
lity. In the case of rutile, error reaches 300% at volume
fraction 45.9%.

Similar results for silica allow us to conclude that the
reason for this erroneous (-potential drop is O’Brien re-

1540
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1510

Sound speed [m/sec]

1500

1490

- @ - experiment
—&— theory

lationship, not our theory for the dynamic mobility. Our
theory reduces in this case to the Smoluchowski law. It is
O’Brien’s relationship that brings about 100% error in C-
potential for silica at 30%vl.

The situation becomes even worse for the original
O’Brien’s theory combined with the Levine cell model. In
principle, we are able to apply the original O’Brien’s
theory as it is presented in the patent (46) with the Levine
cell model. However, instead of recovering these compli-
cated mathematical expressions, we decided just to show
the effect of the missing volume fraction dependence.
It is known (46) that the Levine cell model lacks multi-
plier K/K,, comparing to the Shilov-Zharkikh cell model
(25). This difference is a major factor distinguishing the
“‘O’Brien-Levine theory’” and the ‘‘hybrid O’Brien theo-
ry’’ for this particular dispersion. These theories have dif-
ferent particle size dependence, but, in the case of the
relatively small particles, this difference is not very im-
portant. Though, we neglect difference in particle size de-
pendence and take into account only different volume
fraction effect. The last curves marked as ‘‘O’Brien-Le-
vine theory’’ illustrates the result produced by this theory
fwithin the scope of the above mentioned assumption of
the same particle size dependence for two theories.

Precision and Accuracy

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

1480 —

T T T T T T T T 1
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Fig. 9 Sound speed measured for silica Ludox at different weight fractions. Equilibrium dilution.



F11

T3

F12

Ultrasound-Based Techniques for Characterizing Concentrated Dispersions 19

Silica

Volume fraction in %

o 10 20 30 40
> @ O'Brien-Levine theory
E 1o Py o
=
g | s [ ] ® a [ hybrid O'Brien's theory
2 ® s !
g - L
N ° & .
ol
19 o8 *
‘ i ‘ P : ‘ ‘ ‘ ‘ *new theory

-30-

Rutile

Volume fraction in %

-10

-20-

Zcta potential [mV]
||

§ ¢ ¢

230

90 OO 99
S0 gD

hybrid O'Brien's theory
O'Brien-Levine theory
new theory, monodisperse
new theory, polydisperse

L XoN N |

¢ oot

Fig. 10 (-Potential calculated for silica Ludox and rutile R-746 at different volume fraction prepared with equilibrium dilution.

Attenuation spectra in Fig. 11 illustrate acoustic sensor
precision. These attenuation spectra were measured using
alumina Sumitomo AA-2 and silica Ludox. Alumina sam-
ple was measured 10 times in a row, and silica sample was
measured 11 times in a row. We measured attenuation with
precision 0.01 dB/cm/MHz.

This precision of measurement determines precision
and resolution of the calculated particle size. Correspond-
ing median particle size is given in Table 3.

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 precision of the acoustic sensor for char-
acterizing particle size.

Fig. 12 illustrates precision of the electroacoustic sen-
sor. These shows results of 50 continuous CVI measure-

ments for silica Ludox. It is seen that precision of the
absolute value of the (-potential measurement is a fraction
of mV.

Accuracy characterizes the correlation between real
and measured values. Accuracy of PSD measurement is a
measure of adequacy of the measured particle size distri-
bution. In order to determine accuracy of PSD, one needs a
standard system with a known particle size distribution.
We used BCR Silica quartz with the median size of about 3
microns. It is a PSD standard in Europe.

Fig. 13 shows standard particle size distribution andF13
PSD measured with DT-1200. Difference of the median
particle size between standard and DT-1200 is less than
1%. At the same time, there is some difference in the
amount of small particles. It means that acoustic sensor
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Fig. 11 Precision test. Multiple measurements of the attenuation spectra of alumina AA-2 (5%vl) and silica Ludox (10%wt).

determines median size with an accuracy of 1% and
standard deviation with an accuracy of about 5%.

Test of the (-potential measurement accuracy is much
more complicated because there is no C-potential standard
for concentrated systems. Our experience is that CVI
makes it possible to measure ( with almost the same ac-
curacy as microelectrophoresis?

Resolution

Resolution reflects the ability of the technique to detect
particular details of the parameter of interest. It is espe-
cially important for acoustic particle size characterization.
In principle, acoustic spectra contain information that is
sufficient for calculating particle size distributions des-
cribed with, at most four adjustable parameters. It allows
us to apply this technique for characterizing bimodal par-
ticle size distributions.

Table 3 Median particle size in microns

There are two aspects of resolution for particle sizing.
The first one is concern with the ratio of particle sizes,
which can be resolved under the condition that these two
fractions are presented in equal amounts. The second one
gives the fewest number of large particles, which can be
resolved on the background of the small particles.

In order to figure out the first resolution parameter, we
prepared stable dispersions of two Sumitomo aluminas:
AKP-30 and AA-2. They were prepared at 10%vl each.
These two alumina have different particle sizes: 0.3 mic-
rons for AKP-30 and about 2 microns for AA-2. Attenua-
tion of individual slurries and corresponding particle size
distributions are shown in Fig. 14.

This figure also shows attenuation, which is measured
for 50:50 mixture of these slurries. It is seen that atte-
nuation of this artificially prepared bimodal mixture is a
superposition of the attenuation of the initial slurries. Bi-
modal particle size distribution calculated from this at-
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Fig. 12 Precision test: 50 measurements of (-potential of silica
Ludox at 10%wt.

tenuation consists of the two modes, which coincides with
the PSD of the initial slurries.

In this particular test, we had ratio of sizes 1:7. Ac-
cording to our experience, acoustics is able to resolve sizes
as close as 1:2.

The second resolution test was performed with chem-
ical-mechanical polishing slurry SS25 made by Cabot. The
median particle size of this slurry is about 100 nm. We

1.0+

0.8

Cumulative, weight basis

used this slurry as background and added a small amount
of silica Geltech larger particles with a size of about 0.5
microns. Corresponding attenuation spectra and calculated

bimodal PSD are shown in Fig. 15. It is seen that additionFF15

of 2% larger particles relative to the total silica weight
causes measurable variation of the attenuation spectra.
This determines the resolution of the acoustics in terms of
larger particles. On the number basis, it is equivalent to the
single 1 micron particle per 100,000 particles with 100 nm
size.

HARDWARE

There are several ultrasound-based commercially avail-
able instruments. Here describe sensors that have been
developed by Dispersion Technology Inc. Both sensors
described below use the same pulse signal processor,
which is described in detail in the patents (5354).

Acoustic Sensor

Acoustic sensors have two piezo crystal transducers. The
gap between transmitter and receiver is variable in steps.
In default, it changes from 0.15 mm up to 20 mm in 21
steps. A variable gap provides several advantages. First of
all, it eliminates the necessity to calibrate the instrument
with known colloid. The calibration can be done based on
the first principles because, instead of absolute power, we
measure the variation of power, with gap.

acoustic spectroscopy
¢ standard

Diameter [um]

Fig. 13 Accuracy test. Standard and measured acoustically particle size distribution of silica BCR at 12%wt in ethanol.
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Fig. 14 Attenuation and PSD of two alumina samples (5%vl) and their 50:50 mixture.

The second significant advantage of using variable gap
is related to the wide dynamic range of attenuations. The
small gaps allow us to measure highly attenuating disper-
sions, whereas large gaps are suitable for measurements
of sound transparent dispersions and pure liquids.

Transmitters generate acoustic pulses of the certain
frequency and length. The basic frequency of pulse
changes in steps as well. In default, it changes from 3
to 100 MHz in 18 steps. The number of pulses collected

for the each gap and each frequency are automatically
adjustable in order to reach the target signal-to-noise
ratio.

Acoustic sensors measure energy losses. There are se-
veral sources of these losses. Part of the pulse energy is
lost in electronics. Another part of the energy is lost due to
the limited efficiency of the piezoelectric transducer to
convert electric pulse to the sound pulse and vice versa.
The most important part of the energy losses occurs while
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Fig. 15 Attenuation and PSD of Cabot CMP slurry with small additions of silica Geltech with the particle size 0.5 micron.

ultrasound pulse propagates through the sample and
interacts with dispersion. These last energy losses (colloid
losses) are the target, but actually acoustic sensor mea-
sures total energy losses including all possible sources. In
order to extract colloid losses from the total losses, we
should independently measure losses in electronics and
losses in transducers. It is done automatically at the be-
ginning of every measurement.

Acoustic sensor measures also sound speed at the one
chosen frequency. This is done by using a time of the pulse
arrival to the receiver. The instrument automatically ad-
justs pulse sampling depending on the value of the sound
speed. It is necessary for eliminating possible artifact, like
excess attenuation at the low frequencies.

Experimental output of the acoustic sensor is attenu-
ation frequency spectra in dB/cm/MHz. These experimen-
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tal data are independent of any assumptions about sample,
which makes it very valuable.

In order to calculate particle size from the attenuation
spectra, one has to apply theory and corresponding theo-
retical assumptions.

Electroacoustic (-Potential Probe

The electroacoustic sensor probe contains a piezoelectric
transducer with a critical frequency 3 MHz and a sensing
electrode, which is placed on the surface of the transducer.
This electrode is separated from the external reference
electrode with a nonconducting rigid ceramic insert. Inter-
nal electric impedance between these electrodes can be
selected depending on the conductivity range of the sam-
ples by means of an internal transformer. The transformer
is selected such that the input impedance is significantly
less than the external impedance of the sample such that
the resultant signal is proportional to the short circuit
current. This transformer is located just behind the central
electrode in order to minimize the stray capacitance.
There is a special plastic rod between transmitting trans-
ducer and the sensing electrode with a low acoustic impe-
dance. This rod adjusts acoustic impedance of the probe
and dispersion, eliminating a high reflection on this sur-
face. This additional rod opens a way to calibrate an abso-
lute power using reflection on the transducer-rod surface.
The signal processor generates the transmit gate, which
defines the 1-watt pulse generated in the interface module
as well as the necessary signals to set the frequency. Elec-
troacoustic measurement can be performed either for one
frequency or for the chosen set of frequencies from 1 to
100 MHz. Transducer converts these pulses to the sound
pulses with some certain efficiency. Sound pulse propa-
gates through the quartz delay rod, acoustic impedance
rod, and eventually through the sample. Acoustic pulse
propagating through the sample excites particles and dis-
turbs their double layers. Particles gain dipole moments
because of this excitation. These dipole moments generate
electric field. This electric field changes the electric po-
tential of the central sensing electrode. Difference of the
electric potentials between central electrode and external
reference electrode causes electric current. This current is
registered as colloid vibration current. The value of this
current is very low. It takes averaging at least 800 pulses in
order to achieve the high signal-to-noise ratio. The number
of pulses depends on the properties of colloid. Measure-
ment of CVI in low conducting oil-based systems requires
averaging of millions of pulses. In principle, this method
makes it possible to measure any low energy signals.
The general expression for the local CVI (Eq. 47)
contains one unknown parameter: P pressure. Piezocrystal

converts initial 1-W electric signal to the sound with low
efficiency, about 40 dB loss. The efficiency of this con-
version is frequency dependent, which makes additional
problems for frequency CVI spectra measurement. Sound
intensity after piezocrystal is rather low and not very well
defined. Each piezocrystal has unique efficiency. Then,
pulse propagates through the delay rod and acoustic
impedance rod and partially reflects from the sensor-liquid
surface. This changes amplitude of pressure again. As a
result, we do not know exact pressure at the point of the
measurement.

Colloid vibration current can be presented in the sim-
plified form:

CVI = CCVPG(p,a)Zgis/(Zais + Zroa) (48)

where C' is a geometry calibration constant that charac-
terizes complex distribution of the electric and sound
fields near the electrodes surfaces, the multiplier with
acoustic impedances of the dispersion Z and impedance
rod Z characterizes reflection on the probe surface, func-
tion G is defined with Eq. 47.

Neither C nor P are known. In order to exclude them,
we use the calibration procedure described below.

In order to eliminate unknown constants C and P, we
use calibration with Ludox at 10%wt diluted with KCl
10 =2 mol/L. These silica particles have (-potential—38
mV at pH 9.3. CVI value for this colloidal silica can be
expressed as follows:

CVIaq = CCaVPG(pg, asi) Zais.sit/ (Zais.sit + Zrod)
(49)

From this equation, we can calculate unknown C and P
and use them for calculating CVI for other samples:

CVI = CVI(/CaG(p,a)/ G, asit) Zais
X (Zgis.sit + Zrod) [ (Zais + Zrod ) Zis.sil (50)

Eq. 50 can be used for calculating either (-potential
only from the magnitude of the CVIL.

In addition, DT,-300 measures a phase of the CVI
signal. This phase yields particle size information. In the
case of a single frequency, this measurement provides only
a mean particle size. In the case of the multiple fre-
quencies, more detailed information about particle size
distribution is available. However, according to our ex-
perience, acoustic spectroscopy is much more suitable for
characterizing the particle size distribution (55).

Titration Protocol

Electroacoustic (-potential probe offers a very simple and
fast way to perform electrochemical characterization of
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Fig. 16 Equilibration of zirconia slurry (3%vl).

the surface. Software of DT-300 has several optional
titration protocols for running two burettes. These burettes
are able to inject chemicals with increments as low as 0.2
microliter.

The most common is pH titration. The user should
specify maximum and minimum pH, number of points,
number of sweeps and direction. This software assumes
1 N acid and base. In addition, users can change equilibra-
tion time, tolerance, sample volume, etc.

Equilibration time is a very important parameter.
Titration makes sense only if it follows the equilibrium
root. Some systems exhibit a very long equilibration time.
A good example is a concentrated zirconia dispersion.

pH

e
-
B
en

Fig. 16 shows evolution of the (-potential and pH of the F16
3%vl zirconia dispersion in time. It is seen that equi-
libration time is about 30 minutes. For comparison, silica
Ludox reaches equilibrium in a fraction of a minute. A
typical equilibrium titration of the silica Ludox at 10%wt

is shown in Fig. 17. It is clear that it is almost impossible 17
to make a similar equilibrium titration for zirconia be-
cause it takes a lot of time.

There is another type of titration when a user adds a
certain amount of reagent with a certain increment. It is
called ‘‘ml protocol’’ in the DT software. The user specifies
a total amount of the injected substance and number of
points. Burette automatically injects this substance and
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Fig. 17 Typical pH titration. Sample is silica Ludox at 10%wt.
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Fig. 18 Titration of precipitated calcium carbonate with hexametaphosphate.

waits the specified equilibration time, and then the CVI
sensor measures (-potential. In addition, DT-300 monitors
pH and temperature continuously. A typical titration of this
kind is shown in Fig. 18. It has been made using hexame-
taphosphate with precipitated calcium carbonate at 3%vl.

The most complicated problem for titrating concen-
trated dispersions is mixing. Mixing is absolutely neces-
sary for the successful titration. However, it becomes hard
to mix, especially in the ranges of instability.

We know only one solution to this problem: pumping
sample through the measuring chamber. Traditional pro-
peller mixers do not work with the pastelike samples.
Pumping makes it possible to involve a complete sample
whereas propellers perform mixing only in their own vi-
cinity. Pumping functions properly only when the measur-
ing chamber does not have hydrodynamically stagnated
spaces. Otherwise, deposit built up in these spaces can
interrupt the flow.

APPLICATIONS
Emulsions, Microemulsions, and Latex

There are many instances of successful characterization of
the particle size distribution and zeta (C) potential of
emulsion droplets. There are two quite representative re-

views of these experiments published by McClements (4)
(acoustics) and Hunter (12) (electroacoustics).

We present here results of some recent investigations
of the various factors that affected stability, size, and
(-potential of the emulsion droplets. One of the most
important parameters that affects emulsions is the surfac-
tant concentration. Fig. 19 illustrates this for 6% by weightF' 19
reverse water-in-oil emulsion The oil phase was simply
commercially available oil diluted twice with paint thinner
in order to reduce the viscosity of the final sample. This
figure shows the attenuation spectra for the three samples.
The pure oil phase sample exhibited the lowest attenu-
ation. It is important to measure the attenuation of the pure
dispersion medium when a new liquid is evaluated. In this
particular case, the intrinsic attenuation of the oil phase
was almost 150 dB/cm at 100 MHz, which is more than
seven times higher than for water. This intrinsic atte-
nuation is a very important contribution to the attenuation
of ultrasound in emulsions. It is the background for char-
acterizing the emulsion system.

The emulsion without any added surfactant was mea-
sured twice with two different sample loads. As the water
content was increased, the attenuation became greater in
magnitude. For this system, the attenuation was found to
be quite stable with time. Addition of 1% by weight AOT
(sodium bis 2-ethylhexyl sulfosuccinate) changed the atte-
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Fig. 19 Attenuation and droplet size distribution of 6% water in car oil emulsion with and without AOT.

nuation spectrum dramatically. This new emulsion with
modified surface chemistry was measured twice in order to
check reproducibility. The corresponding particle size
distribution is shown in Fig. 19 and indicates that the AOT
converted the regular emulsion into a microemulsion as
one could expect.

These experiments proved that the acoustic technique is
capable of characterizing the particle size distribution of
relatively stable emulsions. In many instances, emulsions
are found not to be stable at the dispersed volume con-
centration required to obtain sufficient attenuation signals
(usually above 0.5 vl%). Hazy water in fuel emulsions
(diesel, jet fuel, gasoline) may exist at low water concen-

trations of only a few 100 ppmv (0.01 vl%) of dispersed
water. Attempts at characterizing these systems without
added surfactant resulted in unstable attenuation spectra.
Water droplets were discovered to separate from the bulk
emulsion and settle out on the chamber walls. This prob-
lem is less important for thermodynamically stable micro-
emulsions, which are discussed below (64).

The mixture of heptane with water and AOT is a classic
three-component system that has been widely studied due
to a number of interesting features it exhibits. This system
forms stable reverse microemulsions (water in oil) without
the complication introduced by the addition of co-surfac-
tant, such as alcohol, required by many other reverse mic-
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roemulsion systems. This simplification makes the alkane/
water/AOT system a model for studying reverse micro-
emulsions.

There have been many attempts to measure the droplet
size of this microemulsion. Several different techniques
were used: PCS (69-74), classic light scattering (71, 73,
74), the neutron scattering SANS (76-78) and SAXS (70,
79, 80), ultracentrifugation (72, 75, 81), and viscosity (70,
72, 75). It was observed that the heptane/water/AOT mi-
croemulsions have water pools with diameters ranging
from 2 nanometers up to 30 nanometers. The water drops
are encapsulated by the AOT surfactant so that virtually all
of the AOT is located at the interface shell. The size of the
water droplets can be conveniently altered by adjusting the
molar ratios of water to surfactant designated as R ([H,O)/
[AOT]). At low R values (R < 10), the water is strongly
bound to the AOT surfactant polar head groups and ex-
hibits unique characteristics different from bulk water.
At higher water ratios (R > 20), free water is predominant
in the swollen reverse micellular solutions, and at approx-
imately R = 60, the system undergoes a transition from a
transparent microemulsion into an unstable turbid macro-
emulsion. This macroemulsion separates on standing into
a clear upper phase and a turbid lower phase.

Despite all these efforts, there still remain questions
regarding the polydispersity of the water droplets, and few
studies are available above the R value of 60 where a
turbid macroemulsion state exists.

Acoustic spectroscopy offers a new opportunity for
characterizing these complicated systems. Details of this
experiment are presented elsewhere (64). In all cases, the
reported R values are based on the added water and were
not corrected for any residual water that may have been in
the dried AOT or heptane solvent. Karl Fischer analysis of
the AOT-heptane solutions before the addition of water
resulted in an R value of 0.4. This amount was considered
to be negligible.

Measurements were made starting with the pure water
and heptane and then the AOT-heptane sample with no
added water (R = 0). The sample fluid was removed from
the instrument cell and placed in a glass bottle with a
Teflon cap. Additional water was titrated, and the mic-
roemulsion was shaken for 30 seconds before being placed
back into the instrument cell. The sample cell contained a
cover to prevent evaporation of the solvents. The samples
were visually inspected for clarity and rheological pro-
perties for each R value. These steps were repeated for
increasing water weight fraction or R ratios up to R =
100. At R > 60, the microemulsions became turbid. At
R > 80, the emulsions became distinctly more viscous.

The weight fractions of the dispersed phase were cal-
ulated for water only without including the AOT. Each

trial run lasted approximately 5—10 minutes with the
temperature varied from 25-27°C. A separate microemul-
sion sample for R = 40 was made up a few days prior to
the first study. For the R = 70 sample, a second acoustic
measurement was made with the same sample used for the
first study. The complete set of experiments for water,
heptane, and the reverse microemulsions from R = 0 to
100 was repeated to evaluate the reproducibility.
Attenuation spectra measured in the first run up to

R = 80 are presented in Fig. 20. The results for R = 90F2()

and R = 100 are not reported because they were found to
vary appreciably. As the water concentration is increased,
the attenuation spectrum rises in intensity, and there is a
distinct jump in the attenuation spectrum from R = 50 to
R = 60 in the low frequency range. This discontinuity is
also reflected in the visual appearance as at R = 60, the
system becomes turbid. The smooth shape of the atte-
nuation curve also changes at R > 60. The stability and
reproducibility of the system was questioned due to the
irregular nature of the curve, so the experiment at R = 70
was repeated and gave almost identical results. An ad-
ditional experiment was run at R = 40 for a separate
microemulsion prepared a few days earlier. This showed
excellent agreement with the results for freshly titrated
microemulsion. For R values > 70, an increase in the
viscosity and a decrease in the reproducibility of the at-
tenuation measurement were observed. This could be due
to the failure of the model for this system as a collection of
separate droplets at high R values.

The two lowest attenuation curves in Fig. 20 corre-
spond to that of the two pure liquids: water and heptane.
This attenuation is associated with oscillation of liquid
molecules in the sound field. If these two liquids are
soluble in each other, the total attenuation of the mixture
would lie between these two lowest attenuation curves.
But it can be seen that the attenuation of the mixture is
much higher than that of the pure liquids. The increase in
attenuation, therefore, is due to this heterogeneity of the
water in the heptane system. The extra attenuation is
caused by motion of droplets, not separate molecules. The
scale factor (size of droplets) corresponding to this atten-
vation is much higher than that for pure liquids (size of
molecules).

The current system contains a third component—AQOT.
A question arises on the contribution of AOT to the mea-
sured attenuation. In order to answer this question, mea-
surements were done on a mixture of 6.1%wt. AOT in
heptane (R = 0). It is the third smallest attenuation curve
in Fig. 20. It is seen that attenuation increases somewhat
due to AOT. However, this increase is less than the extra
attenuation produced by water droplets. The small in-
crease in attenuation is attributed to AOT micelles that are
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Fig. 20 Attenuation spectra of water in heptane microemulsion with 6% AOT.

known to form without the addition of water. Unfor-
tunately, thermal properties of the AOT as a liquid phase
are not known, and the size of these micelles could not be
calculated.

The particle size distributions corresponding to the

F21 measured attenuation spectra are presented in Fig. 21. It
can be seen that the distribution becomes bimodal for
R > 60, which coincides with the onset of turbidity. It is
to be noted that such a conclusion could not easily be
arrived at with other techniques. There is a feature of this
system, however, that can be compared with independent
data from literature: mean particle size increases with R
almost in a linear fashion. This dependence becomes
apparent when mean size is plotted as a function of R as in

F22 Fig. 22.

It is seen that mean particle size measured using acous-
tic spectroscopy is in good agreement with those obtained
independently using the neutron scattering (SANS) and x-
ray scattering (SAXS) techniques (43, 48, 54) for R values
ranging from 20 to 60. A simple theory based on equi-
partition of water and surfactant can reasonably explain
the observed linear dependence.

At R = 10, the acoustic method gave a slightly larger
diameter than expected. This could be due to the con-
strained state of the ‘‘bound water’’ in the swollen reverse
micelles. The water under these conditions may exhibit

different thermal properties than the bulk water used in the
particle size calculations. Also at the low R values
(R < 10 or < 2.4% water), the attenuation spectrum is
not very large as compared to the background heptane
signal. Contribution of droplets to attenuation spectrum
then may become too low to be reliably distinguished from
the background signal coming from heptane molecules
and AOT micelles.

There have been many successful experiments char-
acterizing latex systems using both acoustics and electro-
acoustics. For instance, Allegra and Hawley (28) measured
polystyrene latex. There is another successful application,
this time with neoprene latex, which is described else-
where (33).

Successful examples of characterizing latex systems
are possible only when thermal expansion coefficients are
known. Unfortunately, this parameter is not known for
many latex polymers. This problem becomes even more
complicated for latex systems than for emulsions because
the value of the thermal expansion depends strongly on the
chemical composition of the polymer. Fig. 23 illustrates F23
this fact for several ethylene copolymers with different
ethylene contents. Variation of the ethylene content from
5% to 10% was found to cause significant changes in
attenuation spectra. This change is associated with the
thermal expansion coefficient, but not the particle size.
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Fig. 21 Water droplets size distribution in heptane with 6% AOT at different water content.

The uncertainty related to the thermal expansion co-
efficient had been a major problem and kept latex sys-
tems the most complicated system for acoustics. The
situation changed dramatically 6 months ago. We have
developed new software that treats the thermal expansion
coefficient of particles as the adjustable parameter and
calculates it from attenuation spectra. This approach
turned out to be very productive. We tested it with several

latex dispersions produced by Dow Chemicals. These la-
tices were different in terms of rheological properties
(soft-to-hard ratio) because of variations in synthesis.
Thermal expansion coefficient calculated from attenua-
tion spectra was in good correlation with the known soft-

to-hard ratio (Fig. 24). This new approach made latex[F24

even easier for acoustic characterization than solid
particles.
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In addition to the particle size characterization, the new contrast. The new DT instruments have overcome this
(-potential probe DT-300 is able to characterize (-po- obstacle. It became possible because of the true pulse
tential of latices. For a long time, it has been impossible to technique. Electroacoustic signal coming from latex is
do using electroacoustics because of the low density very weak but still measurable. It simply takes more
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Fig. 23 Attenuation spectra of several latex dispersions with different ethylene contents.
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pulses to accumulate and reach the desirable signal-to-
noise ratio. We already have many successful measure-
ments of (-potential in concentrated latex dispersions with
density contrast as low as 0.01.

Solid Particles: Alumina, Barium Titanate,
Zinc Sulfate, Rutile

We use a notion of the ‘‘solid particles’’ for all dispersions
that exhibit no ‘‘thermo losses’’ in attenuation spectra.
Usually, it is rigid particles with substantial density con-
trast, like oxides, graphite, carbon black, etc. Even organic
pigments with rather low density contrast attenuate sound
through the ‘‘viscous mode.”” Density of the particles is
the key input parameter common for all these systems.
Many examples of these systems were mentioned before.
Here, we give several more applications.

The first example illustrates again accuracy of acous-
tics. This time, it is done with four different alumina slur-
ries produced by Sumitomo. Fig. 25 shows attenuation
spectra and corresponding particle size distributions.
Table 4 gives median size obtained with acoustics, pro-
vided independently by manufacturer. It is seen that
acoustics yields results that are very close to the indepen-
dent manufacturer data.

Another example of the good reproducibility is shown

F26 in Fig. 26 for BaTiOj; slurry. This slurry is rather com-

plicated for characterization because the chemical com-
position of the surface depends on the liquid. As a result,

F27 dilution affects value of (-potential (Fig. 27). This slurry

is a good example, illustrating importance of the (-

potential measurement in concentrated dispersion. Com-
plexity of the surface follows from the pH titration as well
(Fig. 27). It is seen that the slope of the curve changes at
the high pH. It looks like the total curve is a superposition
of the two curves with two different iso-electric points.
The total curve exhibits only one iso-electric point be-
cause the number of sites with the lower isoelectric point
exceeds the number of sites with the iso-electric point at
high pH.

We showed several times bimodal PSDs, which were
calculated from the attenuation spectra for various
dispersions. The question arises how could we decide
that particular dispersion has bimodal PSD. We can prove
that attenuation spectra contains enough information for
determining not only median size, but the width of dis-
tribution and even bimodality. For instance, Fig. 28 shows
attenuation spectra measured for ZnS slurry and theo-
retical attenuation calculated for the best lognormal
and bimodal particle size distributions. These PSD are
the best in terms of the minimum fitting error that can be
achieved with PSD of the particular type. It means that
there is no lognormal PSD that would provide the bet-
ter fit to the measured data as the given one. Failure of
lognormal PSD to fit experimental data allows us to add
more adjustable parameters fitting bimodal PSD instead
of lognormal. One can see in Fig. 29 that bimodal PSD
yields theoretical attenuation that fits experiment much
better. It leaves practically no room for improvement,
which means that we cleared experimental information
and have no right to increase the number of adjustable
parameters.

F28

F29
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Fig. 25 Attenuation spectra and PSD for various alumina Sumitomo.

Attenuation spectra reflect variation of the particle size
that occurs due to the aggregation. We show here de-
pendence of the attenuation spectra on the pH for two
different dispersions: ZnS (Fig. 29) and TiO, (Fig. 30). It
is seen that attenuation spectra for ZnS remain the same for
all pH even in the vicinity of the iso-electric point. For

Table 4 Median particle size in microns

Acoustics Manufacturer
AKP-15 0.684 0.7
AKP-30 0.319 0.3
AKP-3000 0.520 0.5
AA-2 1.956 2

some reason these parcels remain stable even for low (-
potential.

The situation with rutile is very different. Attenuation
spectra near the iso-electric point are very different com-
pared to the high pH stability range. This reflects ag-
gregation of the rutile particles and transformation from
lognormal to bimodal PSD (10).

Surfactant Titration: Kaolin,
Calcium Carbonate

Electroacoustic titration using C-potential probe offers a
fast and simple way to determine an optimal dose of the
surfactant for stabilizing particular dispersion. One of the
examples is shown in Fig. 18 for precipitated calcium car-
bonate. We show here more results obtained with several
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Fig. 26 Attenuation spectra and PSD of 50%wt BaTiOj slurry.

kaolin slurries. These data have been published elsewhere
(56).

The kaolin used in this study was obtained from the
Engelhard Corporation and was categorized as a fine-
grade crude with high iron content. Kaolin, in general, is
defined by platelet crystals in which one of the dominant
faces is made up of octahedral alumina and the other
consists of tetrahedral silica. Particle aggregation thereby
occurs when the negative platelet faces (negative due to
isomorphic substitutions) interact with positive charge

sites on the crystal edges (due to pH sensitive aluminol
and silanol sites). The two dispersants used to study this
aggregation phenomenon were both common to the kao-
lin industry and consisted of 2.0 modulus silicate (Occi-
dental Chemical Corporation) and sodium hexametapho-
sphate, SHMP (Albright and Wilson Americas Inc.). The
2.0 modulus was in reference to the average distribution
of silicate species present (linear dimer, 3-D dimer, and
trimer). The 2.0 modulus silicate was expected to interact
with the positive edge sites of the kaolin platelet through
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electrostatic interactions. The SHMP was a cyclic poly-
phosphate, which is expected to adsorb to the positive
charges along the kaolin edges through both electrostatic
and covalent bonding.

Titration of the kaolin EC1 slurry with hexametaphos-
phate revealed a strong pH dependence. Titration curve
shifts depending on the initial pH value. It is illustrated
in Fig. 31 for both (-potential and pH. It is not surpris-
ing because pH is a strong charge factor for kaolin. For
instance, Fig. 32 presents pH titration of the 40%wt

EC2 kaolin slurry. It is clear that (-potential goes up with
pH.

Titration of ECI kaolin slurry is a good example,
showing importance of various factors, not only dispersant
concentration. It is convenient to illustrate this complex
titration using 3-D fingerprint. Fig. 33 shows this finger- F33
print for kaolin EC1 titration.

Titration of EC1 slurry illustrates existence of the
optimum concentration of dispersant. One can see that
increase of the hexametaphosphate concentration leads
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Fig. 28 Attenuation spectra and PSD of 17.4%wt ZnS slurry.

eventually to decreasing of (-potential. In this particular Dependence of (-potential on pH is an additional factor
case, it is related to the increasing ionic strength and col- that might be exploited for reaching higher C-potential

lapsing double layer.

values. From this viewpoint, hexametaphosphate has a
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Fig. 29 Attenuation spectra and (-potential of 17.4%wt ZnS slurry for different pH.

disadvantage because it reduces pH. Another dispersant, shown in Fig. 34. However, even combined silicate-pH F34
silicate, is more advantageous from the pH viewpoint effect is not sufficient to gain (-potential values created
because its addition to the slurry increases pH, as it is with hexametaphosphate. Maximum value for silicate ti-
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Fig. 30 Attenuation spectra and C-potential of 7%vl rutile slurry for different pH.

tration is —28 mV, whereas hexametaphosphate yields
—34 mV at maximum.

Hexametaphosphate is more efficient in terms of op-
timum amount as well. The maximum value of (-poten-
tial can be reached adding half as much hexametapho-
sphate (0.6% by kaolin weight) as silicate (1.3% by kaolin
weight).

There is one more factor that affects stability of the
kaolin dispersions: it is sonication. Apparently, none of
the tested chemical factors (pH, hexametaphosphate, si-
licate) destroys initial aggregates. These chemical factors
create an environment that is potentially beneficial for
gaining a full stability, but in order to take advantage of
this environment, one should apply a strong agitation that
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Fig. 31 Titration of the 40%wt kaolin EC1 slurry using hexametaphospate.

would destroy aggregates. It turned out that just mixing does not affect surface charge. It creates a new surface
does not help. Only powerful sonication is able to break and reduces particle size. Appearance of the new surface
F35 aggregates. This effect is illustrated in Fig. 35. It is seen with the same (-potential leads to the larger CVI signal.
that sonication causes a large 5 mV jump in (-potential This larger CVI signal can be interpreted as larger (-

value. Actually, it is somewhat misleading. Sonication potential if we keep the same particle size.
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Mixed Dispersions

There are many important natural and man-made dis-
persed systems containing a high concentration of more

M

\o"s s u

'.~.~0 3

than one dispersed phase. For instance, whole blood con-
tains many different types of cells, paint usually consists of
latex with added pigment to provide color, and sunscreen
preparations include both an emulsion as well as sun-

Fig. 33 Titration (-pH-hexametaphosphate fingerprint of the 40%wt kaolin EC1 slurry.
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Fig. 34 Titration of 40%wt EC1 kaolin slurry using silicate.

absorbing particles. In many such systems, there is a prac-
tical need to determine the PSD of one or more ingre-
dients. In general, light-based techniques are not well
suited to provide this information because most optical
methods require the sample to be diluted prior to mea-
surement, thereby distorting or destroying altogether the
particle size information being sought. Furthermore, most
light-based systems cannot handle multiple disperse
phases, even in the most dilute case. In contrast, acoustic
attenuation spectroscopy (4, 55, 60—64) opens an oppor-
tunity to eliminate this undesirable dilution step.

There are at least three quite different philosophical
approaches for interpreting these acoustic spectra.

In the simplest "empirical" approach, we forego any
size analysis per se and simply observe the measured
acoustic attenuation spectra to learn whether, for example,
the sample changes with time or if ‘‘good’” or ‘‘bad’’
samples differ in some significant respect. Importantly,
this empirical approach provides useful engineering sol-
utions even in cases where we know nothing about the
physical properties of the sample or whether indeed the
sample is adequately described by our theoretical model.

In a more subtle "validation" approach, we assume in
advance that we know the correct particle size distribution
and furthermore assume the real dispersion conforms to
some model. We then use some predictive theory based on

this model, as well as the assumed size distribution, to test
whether this predicted attenuation matches that actually
measured. If the validation fails, it is a very strong indi-
cation that the model is inadequate to describe the system
at hand.

As an example of this validation approach, consider the
case where we construct a mixed system by simply blend-
ing two single-component slurries. The PSD of each sin-
gle-component slurry can be measured prior to blending
the mixed system. Because we have control of the blend-
ing operation, we know precisely how much of each com-
ponent is added. If we claim that the combined PSD is
simply a weighted average of the individual PSD for each
component, we are in effect assuming that there is no in-
teraction between these components. In this case, the
prediction theory allows us to compute the theoretical
attenuation for this mixed system. If the experimental
attenuation spectrum matches the predicted spectrum, then
the assumption that the particles did not interact is con-
firmed. However, if the match is poor, it is then likely that
the mixing of the two components caused some changes
in the aggregative behavior of the system. Perhaps new
composite particles were formed by some interaction of
the two species. Or perhaps some chemical component in
one sample interacted with the surface of another. Many
interaction possibilities exist. Nevertheless, it seems ap-



42 Ultrasound-Based Techniques for Characterizing Concentrated Dispersions

=22 19.5
-24 ]
26 sonication 1
i 9.4
-28
% -30
= . —— pH 493 T
N =32 )
-34
] 9.2
-36-
-38- —w— zeta i
-40 —T——T——T T 7 77— 71— 71— 71— 7171

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26

Hexametaphosphate to kaolin ratio by weight in %

Fig. 35 Effect of sonication on the EC1 40%wt kaolin titration with hexametaphosphate.

propriate to conclude that a necessary condition to rule
out aggregation on mixing is that the experimental and
predicted attenuation curves match. In addition, we can
probably also conclude that an error between theory and
experiment is sufficient to say that some form of aggre-
gation or disaggregation on mixing has occurred. We will
show that such prediction arguments are indeed able to
monitor such aggregation phenomena.

Finally, we can take the ultimate leap and use an
"analysis" algorithm to search for that particle size dis-
tribution that in accordance with the model and the pre-
dictive theory, best matches the experimental data.

Importantly, both the "validation" and "analysis" ap-
proach assume that we can accurately model the real
world, while at the same time making some simplifying
assumptions. For example, it is common to assume that the
particles can be treated as spheres, even though we know
that this may not be exactly the case. Here, we follow a
paper (57) that suggests two models that can be parti-
cularly helpful for describing mixed dispersions.

The first ‘‘multi-phase’” model assumes that we can
represent the PSD of a real-world dispersion as a sum of
separate lognormal distributions, one for each component
in the mixed system. For this article, we assume that there

are only two components, which reduces the overall PSD
to a simple bimodal distribution. When we calculate the
attenuation of such a multi-phase system, we take into
account the individual density and other particle properties
for each component in the mixture. For a bimodal case, the
multi-phase approach would typically require the analysis
algorithm to fit five adjustable parameters: the median size
and standard deviation of both modes and the relative mass
fraction of each mode. In this work, we will assume that
the weight fraction of each mode is known in advance.
Furthermore, in an effort to avoid the well-known problem
of multiple solutions, we will further assume that both
modes have the same standard deviation. Altogether, these
simplifications reduce the number of adjustable para-
meters to just three: the median size of each mode and the
standard deviation. The implications of these simplifica-
tions will be discussed later.

The second ‘‘effective medium’ model further as-
sumes that one needs to determine the PSD of just one
component in an otherwise complex mixed system. All
other disperse phases are lumped together into an effective
homogeneous medium characterized by some composite
density, viscosity, and acoustic parameters. By adopting
this viewpoint, we significantly reduce a complex real-
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world mixture to a simpler dispersion of a single pre-se-
lected dispersed phase in a newly defined ‘‘effective me-
dium.”” We need not even define the exact nature and
composition of this new medium because we can simply
measure, or perhaps calculate, the required composite
density, viscosity, attenuation, and sound speed. If we as-
sume that the key disperse phase can be described by a
lognormal distribution, then we have reduced the degree of
freedom to just two adjustable parameters, a median size
and standard deviation.

In the article, we have evaluated the effectiveness of
both the multi-phase and the effective medium model
using the same set of experimental data. As a result, we
gain a better understanding of the restrictions and benefits
of each method.

We used three pigments from Sumitomo Corporation:
AKP-30 alumina (nominal size 0.3 microns), AA-2 alu-
mina (2 microns), and TZ-3YS zirconia (0.3 microns). In
addition, we used precipitated calcium carbonate (PCC)
supplied by Specialty Minerals Corp. (0.7 microns) and
Geltech silica (1 micron).

Slurries of the AA-2 alumina and the zirconia were
prepared in such a manner as to have quite good aggre-
gative stability. Each slurry was prepared at 3% volume
by adding the powder to a 10~ * mol/L KCI solution,
adjusted initially to pH 4 in order to provide a significant
(-potential. Both slurries were judged to be quite stable
under these conditions as indicated by the absence of any
noticeable settling.

Preparation of a 3% volume PCC slurry was more
problematic because the (-potential right after dispergat-
ing was very low (1.3 mV). Control of pH alone was
insufficient, and we therefore used sodium hexameta-
phosphate in order to increase the surface charge and to
improve the aggregative stability of this slurry. The C-
potential reaches saturation at a hexametaphosphate con-
centration of about 0.5% by weight relative to the weight
of the PCC solid phase.

The Geltech silica and the AKP-30 alumina were used
only as dry powders, being added to the PCC slurry as
needed.

The goals of the experiment were met in the following
steps.

Step 1. Three single-component slurries of alumina
AA-2, zirconia, and PCC respectively were pre-
pared as described above.

Step 2. The attenuation spectra of these single-com-
ponent slurries were measured, and the particle size
distribution for each was calculated.

Step 3. Three mixed alumina/zirconia slurries were
prepared by blending the above slurries in different

proportions, and the attenuation spectrum for each
mixture was measured.

Step 4. Geltech silica powder was added to the initial
PCC slurry, and the attenuation spectrum was mea-
sured for this mixed system.

Step 5. AKP-30 alumina powder was added to the
initial PCC slurry, and the attenuation spectrum for
this mixed system was measured.

Step 6. The particle size distribution was calculated for
all of the mixed systems using the ‘‘multi-phase
model.”’

Step 7. The properties of the ‘‘effective medium’” were
calculated for all mixtures.

Step 8. The particle size distribution for each of these
mixed systems was calculated using the ‘‘effective
medium model.”’

Step 9. The results of the particle size calculation using
two different approaches were compared.

Step 10. The validation approach was used to test for
possible particle interactions in the mixed systems.

The experimental attenuation spectra for the three
single-component slurries and five mixtures are shown in
Fig. 36. In order to demonstrate reproducibility, each
sample was measured at least three times. Mixture 1, in
fact, was measured yet a fourth time after a fresh sample
was loaded just to show that sample handling was not a
factor. It is clear that the reproducibility is sufficient for
resolving the relatively large differences in attenuation
between different samples.

The attenuation spectrum for the single-component
slurries of the AA-2 alumina, the zirconia and the PCC
allows us to calculate the particle size distribution for
each of these materials. The calculated sizes are given in
Tables 5 and 6, and it is seen that these acoustically de-
fined sizes agree quite well with the nominal sizes given
by the producers of these materials.

As shown in Fig. 36, the attenuation spectra of the
mixtures differ significantly from the attenuation spectra
of the single-component slurries. This difference in the
attenuation spectra reflects the differences in both the
particle size distributions and the density of the constituent
components in the mixtures.

We want to compare the effectiveness of the ‘‘multi-
phase’” and the ‘‘effective medium’’ approach in cal-
culating the PSD of these five different mixed systems.

First, let us consider the more or less straightforward
“‘multi-phase’” model. To use this approach, we need only
know the weight fraction and density of both disperse
materials. The present software implementation assumes
that the total particle size distribution is bimodal and that
each mode corresponds to one disperse phase material. For
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Fig. 36 Experimental attenuation spectra for initial alumina AA-2 and zirconia TZ-3YS from Sumitomo and their mixtures with
weight fractions given in Table 4. Experimental attenuation spectra for initial PCC slurry and its mixture with the added silica and
alumina powders. Weight fractions are given in Table 5.

instance, in the alumina/zirconia mixture, the smaller corresponds to the alumina. The software takes into ac-
mode corresponds to the zirconia, and the larger mode count the difference in densities between materials of the
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first and the second modes. The PSD of each mode is itself lihood of multiple solutions, the present software imple-
assumed to be lognormal. In order to reduce the number of mentation assumes that both modes have the same
adjustable parameters, and in an effort to reduce the like- standard deviation. The software searches for some com-
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Fig. 37 Particle size distributions calculated for alumina-zirconia mixtures using ‘‘multi-phase model.”” The smaller size mode
corresponds to zirconia; the larger size mode is alumina AA-2. Weight fraction and PSD parameters are given in Table 4. Particle size
distributions calculated for PCC-alumina and PCC-silica mixtures using ‘‘multi-phase model.”” Weight fraction and PSD parameters are
given in Table 5.
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bination of three adjustable parameters (two median sizes
and their common standard deviation) that provide the best
fit to the experimental attenuation spectra. It assumes the
relative content of the modes to be known.

The corresponding PSDs for these five mixed systems
are shown in Fig. 37. The parameters of these PSDs

T5/T6are given in Tables 5 and 6. It is seen that in some cases this

““multi-phase’” approach yields approximately the correct
size. For instance, the two zirconia/alumina mixtures with
a lower zirconia content (mixtures 2 and 3) have almost
the correct size combination. The size of the alumina par-
ticles is somewhat higher than expected (2.15 microns)
but is still rather acceptable. We can say the same about
the PCC/alumina mixture from Table 6. The difference
of the sizes relative to the nominal values does not ex-
ceed 10%.

However, the multi-phase model appears to be a com-
plete failure for the alumina/zirconia mixture 1 as well as
the PCC/silica mixture. It is not clear yet why this ‘‘multi-
phase model’” works for some systems and not for others.
We think it probably is related to the fact that the present
software assumes that both particle size modes have the
same width. It is seen that the single-component zirconia
slurry has a PSD that is much broader (st. dev = 0.43)
than the PSD of the AA-2 alumina (st. dev = 0.26). The
bimodal searching routine finds the correct intermediate

value for the standard deviation (0.3) only for mixture 2. It
is interesting that this PSD solution is the closest match to
the superposition of the initial PSD. The standard devia-
tions for the other two mixtures are out of range com-
pletely, and the corresponding PSD also deviate from the
expected superposition.

This observation allows us to conclude that our res-
triction that the standard deviation be the same for both
modes might itself create an artificially wrong solution. It
is easy to eliminate this restriction but, as one adds addi-
tional degrees of freedom, it is not uncommon to be faced
with the problem of multiple solutions.

This multiple solution problem appears when the error
function (difference between experimental and theoretical
attenuations) has several local minimums with different
combinations of the adjustable parameters. In general, the
problem of multiple solutions increases as the number of
adjustable parameters increases. It seems clear that the
maximum number of adjustable parameters to avoid mul-
tiple solutions is not a fixed number but rather depends
on a combination of factors: the accuracy and amount of
experimental data points, the degree to which the real
world sample is described by the model, and how accu-
rately the key parameters of the colloid, such as weight
fraction, density, etc. are known. Our experience is that
bimodal PSD with even four adjustable parameters some-

Table 5 Characteristics of alumina AA-2 and zirconia TZ-3YS slurries and their mixtures

Initial Mixture 1 Mixture 2 Mixture 3
Alumina Zirconia Alumina Zirconia Alumina Zirconia Alumina Zirconia
Volume fraction, % 3 3 1.55 1.45 1.85 1.15 2.28 0.72
Weight fraction, % 10.96 15.91 5.5 7.9 6.6 6.3 8.2 4
Eff. viscosity [cp] 0.92 0.93 0.94
Eff. density [g/cm?] 1.04 1.05 1.06
Att MO 1.593 1.21 0.982 0.823
Att M1 0.0845 0.0642 0.0521 0.0437
Att M2 —1.251 —0.95 —-0.771 —0.646
Att M3 0.528 0.401 0.326 0.273
Parameters of the particle size distributions, effective medium approach
Median lognormal 215+ 0.33+ 0.293+ 0.303+ 0.317+
[micron] 0.02 0.006 0.006 0.005 0.003
St. deviation 0.26 0.43 0.38 0.378 0.372
Fitting error, % 6.6 1.9 14 1.2 0.95
Parameters of the particle size distributions, two dispersed phases approach
Median size 0.565+ 0.558+ 2922+ 0.352+ 3.582+ 0.303+
[micron] 0.002 0.001 0.088 0.005 0.182 0.003
St. deviation 0.53 0.3 0.21
Fitting error, % 5 7.6 4.4
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Table 6 Characteristics of PCC slurry and its mixtures with alumina AKP-30 and silica Geltech

Initial PCC

Initial silica

PCC and silica PCC and alumina

powder PCC silica PCC alumina
Volume fraction, % 10.55 9.19 6.29 10.27 2.52
Weight fraction, % 23.53 19.6 11.3 21.6 8.1
Eff. viscosity [cp] 1.125 1.094 1.118
Eff. density [g/cm’] 1.17 1.13 1.15
Att MO 1.053
Att M1 4.431
Att M2 —3.648
Att M3 0.9296
Parameters of the particle size distributions, effective medium approach
Median lognormal [micron] 0.684 1.26 0.454 0.325
St. deviation 0.31 0.35 0.015 0.015
Fitting error, % 1.1 1.3 7.5 2.4
Parameters of the particle size distributions, two dispersed phases approach
Median size [micron] 0.449 0.681 0.798 0.2715
St. deviation 0.16 0.19
Fitting error, % 8 1.9

times exhibits multiple solutions. We have found ways to
resolve these multiple solutions in the case of single-com-
ponent dispersions; however, the situation is more compli-
cated for mixed dispersions with two or more chemically
different components. For this reason, we restricted the
number of the adjustable parameters to only three for this
work.

These results indicate that the ‘‘multi-phase’” model
might sometimes lead to wrong solutions, and it is unclear
at this point how to completely eliminate the problem.

In contrast, the *‘effective medium’’ approach circum-
vents this problem by addressing only the question of de-
termining a simple lognormal distribution that describes
only one disperse phase in an otherwise complex mixture.
Because we are then dealing only with two adjustable pa-
rameters (median size and standard deviation), the possibi-
lity for multiple solutions is most likely diminished. On the
downside, when using the ‘‘effective medium’’ approach,
we need to perform an additional experiment to measure
the properties of this ‘effective medium,’” and this may not
always be possible or without other difficulties.

In the case of the PCC mixtures with the added alu-
mina or silica, the original PCC slurry itself serves as the
“‘effective medium.”” We need just three parameters to
characterize this ‘effective medium’’ namely density, vis-
cosity, and attenuation. Importantly, all three parameters
can be directly measured if we have access to this medium.
The attenuation is the most important of these three

required parameters. It is also the most challenging to
characterize because we need the attenuation of this me-
dium as a function of frequency from 3 to 100 MHz. The
current version of the DT 1200 software allows us to
define the attenuation of the effective medium the same
way we would normally define the *‘intrinsic attenuation’’
of even a pure liquid medium. This intrinsic attenuation as
measured in dB/cm/MHz can be described in terms of a
polynomial function:

att(f) = att MO + fatt M1 + f2att M2 + f3att M3

where i is frequency in MHz and MO, M1, M2, and M3 are
the polynomial coefficients.

For example, in the simplest case, we can say that our
effective medium is just water. Water has an attenuation
that, for practical purposes, can be said to simply increase
as a linear function of frequency if attenuation is ex-
pressed in dB/cm/MHz. Thus, M0, M2, and M3 are zero,
and M2 represents this linear dependence.

To use the effective medium approach for mixed sys-
tems, we simply need to define new coefficients to des-
cribe the intrinsic attenuation of this new medium. In the
case of the alumina/zirconia mixtures, we use the alumina
slurry as the “‘effective medium.”” The coefficients for the
alumina slurry can be calculated by doing a polynomial

fit to the attenuation data as shown in Fig. 38. These F38§

coefficients are also given in Table 5. Similarly, the co-
efficients for the PCC ‘‘effective medium’’ can be calcu-
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lated from a polynomial fit of the attenuation data for
that material as shown in Fig. 38. Likewise, these coef-
ficients are given in Table 6.

We should keep in mind that the initial alumina slurry is
diluted when we mix it with increasing amounts of the
zirconia slurry. As a result, we need to recalculate the

Alumina AA-2

Y=1.503 + 0.08454X - 1.251X> +0.5281X°

0.6

Attenuation [dB/em/MHz]

0.4

0.2

0.0 ————rerr —_— —
10' 10
Frequency [MHz]

PCC slurry

Y=1.053 + 4.431X - 3.648X2 + 0.9296X3

Attenuation [dB/cm/MHz]

10° 10 10°
Frequency [MHz]

Fig. 38 Experimental attenuation spectra measured for indi-
vidual alumina AA-2 slurry and PCC slurry with polynomial fit.

attenuation coefficients for each mixture, taking into
account the reduced volume fraction of the alumina in
each mixture. The suitably modified values for the atte-
nuation coefficients of the effective medium for all three
alumina-zirconia slurries are also given in the Table 5. We
avoided the need for making these additional calculations
in the case of the PCC mixtures by simply adding dry silica
or alumina powder to the PCC effective medium, and
therefore the coefficients for the PCC effective medium
are the same for both mixtures.

For an aqueous medium, the software automatically
calculates the intrinsic attenuation of water and subtracts
this from the measured attenuation to deduce the atte-
nuation caused solely by the presence of the disperse par-
ticles. When using the ‘‘effective medium’’ model, the
software actually works in the same way, except that the
intrinsic attenuation of water is replaced by the attenuation
of this new effective medium. For instance, in the case of
the PCC-alumina mixture, the software calculates the
attenuation due to the PCC contribution and subtracts it
from the total attenuation of the mixture. The residual part
corresponds to the attenuation due to the alumina particles
and is the source of the particle size information for the
alumina component. The software assumes a lognormal
PSD and fits this residual attenuation using the median
size and standard deviation as adjustable parameters.

This effective medium approach allows us to calculate
the particle size distribution of the zirconia in the alu-
mina-zirconia mixtures and of the silica or the alumina in
the case of PCC mixtures. The corresponding values are
shown in Tables 5 and 6. Fig. 39 illustrates the corres-
ponding PSD for each case.

In the case of zirconia, we have almost the same PSD
for all three mixtures. This PSD agrees well with the
initial slurry. The fitting error is much smaller than in the
““‘multi-phase model,”” which is an additional indication
of the consistency.

In the case of PCC mixtures, the situation is more
complicated. We have a very good correlation with the
nominal size for the AKP-30 alumina for PCC-alumina
mixture with a good fitting error.

The other PCC-based mixture gives a particle size that
is half the size expected. You can see from Table 6 that
the calculated size of the silica Geltech is only 0.454
microns whereas the nominal size is at least 1 micron. We
measured acoustically for this silica of even larger size, of
1.26 microns. It might happen because of the dispersing
problems. We have found that this silica is difficult to
disperse properly even at high pH and high zeta potential.
For instance, we measured (-potential of — 66 mV for this
silica at pH 11 but even this was apparently not sufficient
to disperse it completely.

F39
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Fig. 39 Particle size distribution calculated using ‘‘effective medium model.”” The case of zirconia in the alumina AA-2 dispersion as
the effective medium. Attenuation of the alumina is reduced according to volume fractions from Table 4. Density and viscosity are
adjusted as effective medium. Particle size distribution calculated using *‘effective medium model.”” The case of alumina AKP-30 and

silica in the PCC dispersion as effective medium.

Summarizing the analysis results for these five mix-
tures, we conclude that in the case of the three mixed
dispersions (alumina-zirconia mixtures 2 and 3, and the
PCC-alumina mixture), the ‘‘multi-phase model’’ and the
‘“‘effective medium model’” gave similar results and rea-

sonable PSD. For the other two mixtures, the results are
more confusing. We suspect that the failure of the ‘‘multi-
phase model’’ for the alumina-zirconia mixture 1 is rela-
ted to the restriction on the PSD width, but particle ag-
gregation is still a candidate as well. In the case of the
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PCC-silica mixture, a double failure of both modes cer-
tainly points toward particle aggregation.

We can evaluate these ideas about aggregation of the
two troubled mixtures using the "validation" approach. To
do this, we must first compute the total PSD using the
known PSD of the individual single component disper-
sions. Next, we calculate the predicted attenuation for this
combined PSD. This predicted attenuation should agree

with the experimental spectrum for the mixed system if
there is no particle interaction between the species.
Fig. 40 illustrates the predicted and experimental atte- F40

nuation spectrum for the zirconia-alumina mixture 1 and

the PCC-silica Geltech mixture. For both mixtures, we
have also added the predicted attenuation corresponding to

the best PSD calculated using the ‘‘multi-phase model’’
analysis.
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Fig. 40 Experimental and theoretical attenuation for zirconia-alumina mixture 1 and PCC-silica mixture. Theoretical attenuations are
calculated for the best analysis result and for combined PSD build from the individual distributions assuming no particle aggregation.
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Table 7 Particle size of the two alumina samples

Median particle [micron]

ALM-41-01 AL-160SG-4
Size, Horiba 1.47 0.56
Size, Sympatec 1.98 0.71
Size, PenKem, vir < 20% 1.79 0.52

Size, Acoustics, vir = 40%
with structural losses
Size, Acoustics, vir = 40%

no structural losses

1.63 (fit error 6.1%)

1.07 (fit error 19.2%)

0.77 (fit error 2.3%)

0.8 (fit error 18.4%)

It is seen that, in the case of the zirconia-alumina mix-
ture, a superposition PSD generates an attenuation spec-
trum that fits experimental spectra much better than the
best ‘‘multi-phase model’’ analysis PSD. The fitting error
has improved from 5% to 2.3% and becomes comparable
with the best fitting errors of the ‘‘effective medium" mo-
del. This correlation between prediction and experiment
proves that our concern about using a common standard
deviation for both modes was well founded. The prediction
program allows us to apply independent standard deviation
for each mode of the PSD, and, as a result, we achieve
much better fitting than in the case of the analysis ‘‘multi-
phase" model that uses the same standard deviation for
both modes.

In addition, we conclude that there is no aggregation
between the alumina and zirconia particles in this mixed
dispersion. Otherwise, the theoretical attenuation based on
the superposition assumption would not fit experimental
data.

The situation with the second mixture (PCC-silica) is
very different. In this case, the predicted attenuation pro-
vides a much worse fit than the best ‘‘multi-phase" model
analysis. The fitting error degrades from 8% to 17.2%.
This means that superposition assumption is not valid. In
this case, there is apparently some aggregation between
the PCC and silica particles.

Structured Dispersions

In many really concentrated dispersions, particles build a
structural network. They are not independent in these
systems, and oscillation of this network causes the addi-
tional mechanism of the sound attenuation: *‘structural
losses.”” This complicates characterization of the particle
size distribution. Fortunately, in many cases, structural
losses are negligible even at very high volume fractions.
For instance, experimental dilution test with concentrated
rutile and silica ( 13 ) dispersions yields correct particle
size taking into account only viscous losses.

However, there are some instances when theory of vis-
cous losses only fails to fit the experimental data. One such
example is given in the paper of several Japanese scientists
(65) from the National Institute for Resources and Envi-
ronment, Tsukuba, Japan. We have used this paper in
order to show that the additional mechanism of structural
losses provides required theoretical framework for char-
acterizing particle size distribution in the highly concen-
trated (up to 40%vl) and not completely stable dispersions.

The two alumina powders were used: Showa Denko
AL-160SG-4 and Sumitomo Chemical Industry ALM-41-
01. The median size of the each powder was measured by
laser diffraction using a Sympatec Helos and by photo-
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Fig. 41 Experimental attenuation spectra of the two alumina
slurries characterized in Ref. 65.
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centrifugation using a Horiba CAPA-700. These data are
summarized in Table 7.

Both samples were stabilized with sodium polycal-
boxyl acid as a surfactant and ball milled for 3 days. The
volume fractions of the slurries varied from 1% to 40%.

They used PenKem Acoustophor 8000 for measur-
ing the acoustic attenuation spectra of these slurries. The
particle size calculated from these attenuation spectra
agreed with independent measurements at volume frac-
tions below 20%. These size data is summarized in
Table 7.

The attenuation at the highest volume fraction is shown
in Fig. 41. We have reproduced these curves from the

published graphs because the numerical data were not
available in their paper. As a result, one may assume some
small deviations from the original data.

We use attenuation spectra at the highest volume frac-
tion in the further analysis.

Fig. 42 shows the experimental and theoretical attenua- F42
tion spectra at the highest volume fractions, about 40% vl
for both alumina samples. It is seen that the theory does not
fit the experimental data very well because the experi-
mental attenuation exceeds the theory by a substantial
degree. Based on this excess, the authors concluded that
there is an unknown factor that becomes significant at high
volume fraction.
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Theoretical fit to the experimental data presented in Ref. 65 assuming no structural losses.



F43

Ultrasound-Based Techniques for Characterizing Concentrated Dispersions 53

We suggest ‘‘structural losses’” as this hypothetical
factor. We used Eq. 11 for calculating the theoretical
attenuation spectra. We assumed that the first virial coef-
ficient (3 is zero. The second virial coefficient is then used
as an adjustable parameter in addition to median size and
standard deviation of the lognormal particle size distri-
bution. This searching routine looks for the particle size
distribution that generates a theoretical attenuation spectra
that fits the experimental spectra with the least error.

The addition of this new adjustable parameter, 0, al-
lowed us to achieve much better theoretical fit as illustra-
ted in Fig. 43. Table 6 gives the results of the calculated
particle sizes and fitting errors. It is seen that the addi-
tion of these structural losses leads to dramatic improve-
ments in the fitting error, which strongly suggests that

Attenuation [dB/cm/MHz]

this mechanism can indeed explain the observed excess
attenuation.

The particle size data (Fig. 44) confirms this conclusion F44
as well. It is seen that particle sizes calculated including
these structural losses are much closer to independent
measurement performed with diluted system using light-
based instruments.

It is interesting that the value of the second virial coef-
ficient turns out to be the same for both samples, 0.8. It is
independent of the particle size, as it is supposed to be.
This parameter characterizes flexibility of rheology of the
polymer chains linking particles together into the structure
at high-volume fractions.

We would like to finish with the warning that addition
of the structural losses is justified only when traditional

4  experiment
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T
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Theoretical fit to the experimental data presented in Ref. 65 with structural losses.
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Fig. 44 Particle size distribution calculated for the two alumina
samples described in Ref. 65.

theory fails and experiment shows an excess attenuation.
This excess attenuation is a source of experimental in-
formation for calculating microrheological properties.

CONCLUSIONS

In the past few years, the fields of acoustics and electro-
acoustics have made significant advancements in theo-
retical modeling, instrumentation, and experimental
applications. The measurement of particle size by acoustic
attenuation has been improved by new theoretical models
that account for specific particle-particle interactions in
concentrated structured systems and mixed dispersions.
Refinements in the analysis of the different acoustic loss
mechanisms have been presented in detail.

The combination of acoustic and electroacoustic spec-
troscopy provides more reliable and complete character-
ization of the disperse system than either one of those
spectroscopes separately. Electroacoustic phenomena are
more complicated when compared to acoustics because an
additional electric field is involved. This problem becomes
even more pronounced for concentrated systems, and the
best approach is to use acoustic attenuation to determine
particle size and electroacoustics separately to measure
electric surface properties.

New applications of the acoustic attenuation method
and the colloid vibration current include ceramics, bimodal
systems, chemical polishing materials, emulsions, micro-

emulsions, latex, structured dispersions, mixed disper-
sions, clays, minerals, paints, inks, etc. Further appli-
cations of these techniques are underway, especially in
the field of nonaqueous systems that cannot be easily
studied by other methods. While theoretical models have
made great advancements, more work is needed to extend
electroacoustic theory to nonaqueous systems and for ex-
plaining the role of the thermal effects in the electro-
acoustics.

APPENDIX: SPECIAL FUNCTIONS

There are several special functions used in the above-
mentioned theory. They are specified below.

ih(a)  idh(x)

H(a) = -
(@) 20 2dia
h(x) = hi(x)ha(B) — h1(B)ha(x)
I = 1(B) —I(a)
I(x) = — i (B)e""™)
27 N\F 28 x
+h2(ﬂ)€7x(l+j) I3
L [30+0 ﬁ+£_l
28 N\F 28 x
(1)
I = —j
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x(1))=b
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xx*a
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e . —
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23
1) -
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NOMENCLATURE
List of Abbreviations

= particle radius

cell radius

b heat capacity at constant pressure

sound speed

Dukhin number

= particle diameter

= external electric field

<E> = macroscopic electric field strength

hydrodynamic friction force

conductivity attributed with index

local current in the cell

macroscopic current

intensity of the sound

complex unit

special function (see Special Functions)

special function (see Special Functions)

complex wave number

cell layer thickness

gap in the electroacoustic chamber

stress modulus

number of the volume fractions

pressure

spherical radial coordinate

time

xp measured electroacoustic signal

= speed of the motion attributed according to the
index

= acoustic impedance

attenuation specified with index

thermal expansion attributed with index

viscous depth

thermal depth

dielectric permittivity of the media

dielectric permittivity of the vacuum

electric potential

hydrodynamic friction coefficient

dynamic viscosity

= volume fraction

= reciprocal Debye length

surface conductivity

wave length

dynamic electrophoretic mobility

kinematic viscosity

spherical angular coordinate

= density attributed according to the
index

T = heat conductance attributed according to the

index
w = frequency
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G = electrokinetic potential

) = drag coefficient

Indexes

i = index of the particle fraction

p = particles

m = medium

s = dispersion

r = radial component

0 = tangential component

vis = viscous

th = thermal

sc = scattering

int = intrinsic

in = acoustic input

out = acoustic output

rod = delay rod properties
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