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Abstract

Two new ultrasound based techniques (acoustics and electroacoustics) otTer a unique opportunity to characterize
concentrated dispersion, emulsions and microemulsions in their natural state, without dilution. Elimination of the
dilution protocol is crucial for an adequate characterization of liquid dispersions, especially structured. Dilution
changes the thermodynamic equilibrium in these systems and atTects their reological properties. Changes in
equilibrium conditions can lead to variation of the particle size and can also affect surface chemistry. In this paper,
a short review of the theoretical basis of the ultrasound techniques is given. Emphasis is placed on the theoretical
models which are supposed to be valid in concentrated systems. These theories have been developed recently on the
basis of 'cell model concept' for bOth acoustics and electroacoustics. This approach opens the way to implement
particle-particle interaction into the theoretical model. Experiment proves that these theories are adequate in
concentrated systems up to 45% vol. Second part of the paper is dedicated to the applications of acoustics and
electroacoustics. The list of applications includes: ceramics, mixed dispersed systems, chemical-polishing materials,
emulsions, food emulsions, microemulsions and latecies. @ 2000 Elsevier Science B. V. All rights reserved.
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. Introduction capabilities for being successful. The first hard-
ware for measuring acoustic properties of liquids
was developed more than 50 years ago at MIT [I]
by Pellam and Galt. The first acoustic theory for
heterogeneous systems was created by Sewell 90
years ago [2]. The general principles of the acous-
tic theory were formulated 45 years ago by Ep-
Stein and Carhart [3]. There is a long list of
applications and experiments using acoustic spec-
troscopy, see reviews [4,5]. Despite all of these
developments, however, acoustic spectroscopy is
rarely mentioned in modem handbooks on colloid
science [6,7].

The widespread acceptance and commercializa-
tion of acoustic spectroscopy has been slow to
develop. This technique has been overlooked by
many in academia and industry in the past, but
has recently been showing increased levels of ac-
ceptance. This powerful method of characterizing
concentrated heterogeneous systems has all the
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degree of complexity in fitting experimental re-
sults to theoretical models based on various
acoustic loss mechanisms. The advent of high
speed computers and the refinement of these theo-
retical models has made the inherent complexity
of this analysis of little consequence. In compari-
son, many other particle sizing techniques such as
photon correlation spectroscopy also rely on simi-
lar levels of complexity in analyzing experimental
rcsults.

Acoustics has a related field that is usually
referred to as 'electroacoustics' [8]. Electroacous-
tics can provide particle size distribution as well
as ~-potential. This relatively new technique is
more complex than acoustics because an addi-
tional electric field is involved. As a result, both
hardware and theory become more complicated.
There are even two different versions of electroa-
coustics depending on what field is used as a
driving force. Electrokinetic 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-
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.

Coming back to acoustics, it's lack of wide-
spread acceptance may be related to the fact that
it yields too much, sometimes overwhelming in-
formation. Instead of dealing with interpretation
of the acoustic spectra it is often easier to dilute
the system of interest and apply light based tech-
niques. It was often naively assumed that the
dilution had not affected the dispersion character-
istics. Lately, many researchers are coming to the
realization that dispersed systems need to be ana-
lyzed in their natural concentrated form, and that
dilution destroys a lot of useful and important
properties.

The authors are optimistic about the future of
acoustics in colloid science. It is amazing what
this technique can do especially in combination
with electroacoustics for characterizing eleCtric
surface properties. It is hoped that this review will
allow one to taste the power and opportunities
related to these sound based techniques.

,

Acoustics is able to provide reliable particle size
information for concentrated dispersions without
any dilution. There are examples when acoustics
yields size information at volume fractions above
400/0. This in-situ characterization of concentrated
systems makes the acoustic method very useful
and unique in this capability compared to alter-
nate methods including light scattering where di-
lution is required. Acoustics is also able to deal
with low dispersed phase volume fractions and in
some systems can characterize down to below
0.1% vol. This flexibility for concentration range
provides an overlap with classic methods for di-
lute systems. In the overlap range, acoustics size
characterization has been found to have excellent
agreement with these other techniques.

Acoustics is not only a particle sizing technique,
but also provides information about the mi-
crostructure of the dispersed system. The acoustic
spectrometer can be considered as a micro-
rheometer. In acoustics, stresses are applied in the
same way as regular rheometers, but over a very
short distances on the micron scale. In this way,
the microstructure of the dispersed system can be
sensed. Currently, this feature of the acoustics is
only beginning to be exploited, but it is certainly
very promising.

Many people have perceived acoustics to have a
high degree of complexity. The operating princi-
ples are in fact quite straightforward. The acoustic
spectrometer generates sound pulses that pass
through a sample system and are then measured
by a receiver. The passage through the sample
system causes the sound energy to change in
intensity and phase. The acoustic instrument mea-
sures the sound energy losses (attenuation) and
the sound speed. The sound attenuates due'to the
interaction with the particles and liquid in the
sample system, Acoustic spectrometers generally
operate with sound in the frequency range of
1-100 MHz. This is a much higher sound fre-
quency than the upper limit of the hearing which
is only 0.02 MHz.

While the operating principles are relatively
simple, the analysis of the attenuation data to
obtain particle size distributions does involve a



A.S. Dukhin et al. / Colloid\' and Surfaces A: Physicochem. Eng. Aspects 173 (2O(XJ) 127-158 129

2. Theoretical background field, and consequently to alternating electric cur-
rent. As a result, a part of the acoustic energy is
transformed into electric energy and then irre-
versibly to heat.

Only the first four loss mechanisms (viscous,
thermal, scattering and intrinsic) make a signifi-
cant contribution to the overall attenuation spec-
tra in most cases. Structural losses are significant
only in structured systems that require a quite
different theoretical framework. These four mech-
anisms form the basis for acoustic spectroscopy.
Total attenuation measured with acoustic spec-
trometer usually equals to the sum of these four
partial attenuations:

(X = (Xvis + (Xlh + (xsc + (XiDI (1)

The contribution of electrokinetic losses to the
total sound attenuation is almost always negligi-
bly small [9] and will be neglected. This opens an
opportunity to separate acoustic spectroscopy
from electroacoustic spectroscopy beCause acous-
tic attenuation spectra is independent of the elec-
tric properties of the dispersed system.

Following this distinction between acoustics
and electroacoustics, the corresponding theories
will be considered separately.

2.1. Theory oj acoustics

There are six known mechanisms of the ultra-
sound interaction with a dispersed system: (1)
viscous (av;J; (2) thermal (ath); (3) scattering (asc);
(4) intrinsic (ainJ; (5) structural (a.tr); and (6)
electrokinetic (aeJJ.

(1). The viscous losses of the acoustic energy
occur due to the shear waves generated by the
particle oscillating in the acoustic pressure field.
These shear waves appear because of the differ-
ence in the densities of the particles and medium.
This density contrast causes the particle motion
with respect to the medium. As a result, the liquid
layers in the particle vicinity slide relative to each
other. This sliding non-stationary motion of the
liquid near the particle is referred to as the 'shear
wave'. Viscous losses are dominant for small rigid
particles with sizes below 3 ~m, such as oxides,
pigments, paints, ceramics, cement, graphite, etc.

(2). The reason for the thermal losses is the
temperature gradients generated near the particle
surface. These temperature gradients are due to
the thermodynamic coupling between pressure
and temperature. This mechanism is dominant for
soft particles, including emulsion droplets and
latex beads.

(3). The mechanism of the scattering losses is
quite different than the viscous and thermal
losses. Acoustic scattering does not produce dissi-
pation of acoustic energy. This scattering mecha-
nism is similar to light scattering. 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. This mechanism is impor-
tant for larger particles (> 3 ~m) and high fre-
quency ( > 10 MHz).

(4). The intrinsic losses of the acoustic energy
occur due to the interaction of the sound wave
with the materials of the particles and medium as
homogeneous phases on a molecular level.

(5). Structural losses are caused by the oscilla-
tion of a network of particles that are intercon-
nected. Thus, this mechanism is specific for the
given type of structured system.

(6). Electrokinetic losses are caused by the oscil-
lation of charged particles in an acoustic field that
leads to the generation of an alternating electrical

The most well known acoustic theory for het-
erogeneous systems was developed by Epstein and
Carhart [3], Allegra and Hawley [10]. This theory
takes into account the four most important mech-
anisms (viscous, thennal, scattering and intrinsic)
and is tenDed the 'ECAH theory'. This theory
describes attenuation for a monodisperse system
of spherical particles and is valid only for dilute
systems.

The tenD 'monodisperse' assumes that all of the
particles have the same diameter. Extensions of
the ECAH theory to include polydispersity have
typically assumed a simple linear superposition of
the attenuation for each size fraction. The tenD
'spherical' is used to denote that all calculati<?ns
are perfonned assuming that each particle can be
adequately represented as a sphere.

Most importantly, the tenD 'dilute' is used to
indicate that there is no consideration of particle-
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particle interactions. This fundamental limitation
normally restricts the application of the resultant
theory to dispersions with a volume fraction of
less than a few volume percent. However, there is
some evidence that the ECAH theory, in some
very specific situations, does nevertheless provide
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a correct interpretation of experimental data, even
for volume fractions as large as 300/0.

An early demonstration of the ability of the
ECAH theory was provided by Allegra and Haw-
ley. They observed almost perfect correlation be-
tween experiment and dilute case ECAH theory
for several systems: a 200/0 by volume toluene
emulsion; a 100/0 by volume hexadecane emulsion;
and a 100/0 by volume polystyrene latex. Similar
work with emulsions by McClements [11,12] has
provided similar results. The recent work by
Holmes, Challis and Wedlock [13,14] shows good
agreement between ECAH theory and experi-
ments even for 300/0 by volume polystyrene latex.

A surprising absence of particle-particle inter-
action was observed with neoprene latex [15]. This
experiment showed that attenuation is linear func-
tion of the volume fraction up to 300/0 for this
particular system (Fig. 1). This linearity is an
indication that each particle fraction contributes
to the total attenuation independently of other
fractions, and is a superposition of individual
contributions. Superposition works only when
particle-particle interaction is insignificant.

It is important to note that the surprising valid-
ity of the dilute ECAH theory for moderately
concentrated systems has only been demonstrated
in systems where the 'thermal losses' were domi-
nant, such as emulsions and latex systems. In
contrast, the solid rutile dispersion exhibits non-
linearity of the attenuation above 100/0 by volume
(Fig. I).

The difference between the 'viscous depth' and
the 'thermal depth' provides an answer to the
observed differences between emulsions and solid
particle dispersions. These parameters character-
ize 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' Jv' The corresponding
distance for the thermal wave is the 'thermal
depth' J\. The following expressions give these
parameters values in the dilute systems:

Jv = Ii (2)

Fig. I. Dependence of the attenuation in the neoprene latex
and in the rutile dispersion (rutile R-746 by DuPont) at the
frequency 15 MHz on the dispersed system weight fraction.
Corresponding volume fractions in % are shown as the data
points labels.
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, 2Tmd. =, . I C m (3)

VwPm p

where v is the kinematic viscosity, (J) is the fre-
quency, Pm is the density, 'm is heat conductance,
C';: is a heat capacity at constant pressure of
liquid.

The relationship between l5" and l51 has been
considered before. For instance, McClements
plots 'thermal depth' and 'viscous depth' versus
frequency [4]. it is easy to show that 'viscous
depth' is 2.6 time more than 'thermal depth' in
aqueous dispersions [15]. As a result, the particle
viscous layers overlap at the lower volume frac-
tion more than the particle thermal layers. Over-
lap of the boundary layers is the measure of the
corresponding particle-particle interaction. There
is no particle interaction when corresponding
boundary layers are sufficiently separated.

Thus, an increase in the dispersed volume frac-
tion for a given frequency first leads to the over-
lap of the viscous layers because they extend
further into the liquid. Thermal layers overlap at
higher volume fractions. This means that the par-
ticle hydrodynamic interaction becomes more im-
portant at the lower volume fractions than the
particle thermodynamic interaction.

The 2.6 times difference between l5" and l5t leads
to a big difference in the volume fractions corre-
sponding to the beginning of the boundary layers
overlap. The dilute case theory is valid for the
volume fractions smaller than these critical vol-
ume fractions <p" and CPt. These critical volume
fractions, cP" and CPt are functions of the frequency
and particle size. These parameters are conven-
tionally defined from the condition that the short-
est distance between particle surfaces is equal to 2
l5" or 2 l51. This definition gives the following
expression for the ratio of the critical volume
fractions in aqueous dispersions:

(~+2.6-1\3
,I ,aFt + 1 /

where a is particle radius in micron, f the fre-
quency is in MHz.

The ratio of the critical volume fractions de-
pends on the frequency. For instance for neoprene
latex, the critical 'thermal' volume fraction is 10

times higher than the critical 'viscous' volume
fraction for 1 MHz and only 3 times higher for
100 MHz.

It is interesting that this important feature of
the 'thermal losses' works for almost all liquids.
There is more than 100 liquids with their proper-
ties in the database. The core of this database is
the well known paper by Anson and Chivers [16].
A parameter referred to as 'depth ratio' can be
introduced

d h . b.
ept ratio = ~

t

This parameter is 2.6 for water as was men-
tioned before. Fig. 2 shows values of this parame-
ter for all liquids from the database relative to the
viscous depth of water. It is seen that this parame-
ter is even larger for many liquids.

Therefore 'themtal losses' are much less sensi-
tive to the particle-particle interaction than 'vis-
cous losses' for almost all known liquids. It makes
ECAH theory valid in a much wider range of
emulsion volume fractions than one would expect.

There is one more fortunate fact for ECAH
theory that follows from the values of the liquid's
themtal properties. In general, ECAH theory re-
quires infomtation about three thermodynamic
properties: themtal conductivity 1", heat capacity
Cp and thermal expansion p. It turns out that 1"
and Cp are almost the same for all liquids except
water. Fig. 3 illustrate variation of these parame-
ters for more than 100 liquids from the database.
This reduces the number of required parameters
to one-thermal expansion. This parameter plays
the same role in 'themtal losses' as density in
'viscous losses'.

ECAH theory has a big disadvantage of being
mathematically complex. It cannot be generalized
for particle-particle interactions. This is not im-
portant as has been found for emulsions, but may
be important for latex systems, and is certainly
very important for high density contrast systems.
There are two ways to simplify this theory using a
restriction on the frequency and particle size. The
first one is the so called 'long wave requirement'
[10] which requires the wave length of the sound
wave J. to be larger than particle radius a. This
'long wave requirement' restricts particle size for a
given set of frequencies. The authors' experience

~=I(p (4)
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Fig. 2. Themlal properties of various liquids.

{~

j coPC
z=(l +j)a 2r"
where j is imagine number, <p is the volume frac-
tion, T is the absolute temperature, co is the
angular frequency, c is the sound speed, P is the
density, 't" is the thermal conduction, p is thenhal
expansion, Cp is specific heat at the constant
pressure. Index m corresponds to the medium
whereas index p indicates particles.

shows that particle size must be below 10 J.1In for
the frequency range from 1 to 100 MHz. This
restriction is helpful for characterizing small
particles.

By restricting frequency and particle size with
the longwave requirement one can use the simpler
explicit ex6ression for the thermal losses (1.th ob-
tained initially by lsakovich [17] and confirmed
later by Epstein and Carhart [3], and Allegra and
Hawley [10]:

(1.h = 3<PTCmPm'm(~ - ~ )2Re t 2a2 Cm CpPm p Pp p
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where

At the same time the long wave requirement
provides a sufficient simplification of the theory
for implementing particle-particle hydrodynamic
interaction into the theory of the viscous losses. It
has been done in the work [18] on the basis of the
'coupled phase model' [19,20]. This new theory
[21] works up to 400/0 volume.

This theory yields expression for the complex
wavenumber I assuming viscous losses as the only
one mechanism of the particles interaction with
the sound wave:

9'1CPn

2a2
t-
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" is dynamic viscosity, up and Um are velocities
of the particles and liquid in the laboratory frame
of references, n is drag coefficient specified in
Appendix A, M* is stress modulus which can be
expressed in terms of densities and sound speeds
as following:

/ w .
m =-+jam

Cm

The simplest formula expressing the scattering

losses in terms of densities and sound speeds can

be derived from Eq. (9) for a single scattering:~w4a3 K pmC;')2 (P - Pm )2]a = 1-- + rp rm

sc 2c~ 3 Ppc; 2pp + Pm2 2
M* = PpPmCpCm

lpPmC,2,. + (I -lp )ppc;

Expression (6) specifies the value of viscous
losses:

IXvis = - 1m! (7)

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

(J)

Rei
(8)c~,

(10)

It is seen that scattering losses depend on fre-
quency very strongly. According to the authors'
experience scattering is important only for large
particle (> 3 ~) and at high frequencies (> 10
MHz).

There is another approach to acoustics which
employs a 'short wave requirement'. It was intro-
duced by Riebel [21]. This approach works only
for large particles above 1 0 ~ and requires lim-
ited input data about the sample. This theory may
provide an important advantage in the case of
emulsions and latex systems when the thermal
expansion is not known.

There is opportunity in the future to create a
mixed theory that could use a polynomial fit
merging together 'short' and 'long' wave ranges
theories. Such combined theory will be able to
cover a complete particle size range from nanome-
ters to millimeters for concentrated systems.

There are two recent developments in the the-
ory of acoustics which deserved to be mentioned
here. The first one is a theory of acoustics for
flocculated emulsions [25]. It is based on ECAH
theory but it uses in addition an 'effective
medium' approach for calculating thermal proper-
ties 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 acous-
tic energy dissipation does not require relative
motion of the particle and liquid. Spherical sym-
metrical oscillation is the major term in these
types of losses. This provides the opportunity to
replace the floc with an imaginary particle assum-
ing a proper choice of the thermal properties.

Another significant recent development is as~o-
ciated with the name of Samuel Temkin. He offers
in his recent papers [26,27] a new approach to the
acoustic theory. Instead of assuming a model

Experiment described in papers [22,23] confirms
validity of this theory for sound speed.

Expressions for calculating intrinsic (Xint and
scattering (xsc losses for long wave limit are given
in the papers of McClements [4,11,12,24]. He uses
term 'Iossless scatterers' for describing sound
propagation through the system when dissipative
mechanisms of viscous and thermal losses are
negligible. Intrinsic attenuation in such a system
can be expressed as following [15]:

(1 ~ Pm(Xp
-<Pr-+<P- ~~t - lI ~~:!~-m Cm P (Xm ~ (9)

1 - <P <PPm Pm
-+-./ 2 2

V Cm Ppcp

where lXm and lXp are attenuations of the medium
and particle materials.

Scattering attenuation can be calculated follow-
ing Waterman- Truell [24] theory which yields the
following expression for the complex wavenumber
I.. associated with scattering:

I~
( 3jcp )( 9jcp \

~= 1-~Ao 1-~AI/
where Ao and AI are monopole and dipole scatter-
ing coefficients calculated for a single particle.

m .
I = -+ J<Xsc
of c

of
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dispersion consisting of spherical particles in a
Newtonian liquid, he suggests that the thermody-
namic approach be explored as far as possible.
This new theory operates with notions of particle
velocities and temperature fluctuations. This very
promising theory yields some unusual results
[26,27J. It has not been yet used, as far as is
known, in commercially available instruments.

2.2. Theory of electroacoustics

Whereas acoustic spectroscopy describes the
combined effect of the six separate loss mecha-
nisms, electroacoustic spectroscopy, as it is
presently formulated, emphasizes only one of
these interaction mechanisms, the electrokinetic
losses.

In acoustic spectroscopy sound is utilized as
both the excitation and the measured variable,
and therefore there is but one basic implementa-
tion. In contrast, electroacoustic spectroscopy
deals with the interaction of electric and acoustic
fields and therefore there are two possible imple-
mentations. One can apply a sound field and
measure the resultant electric field which is re-
ferred to as the colloid vibration potential (CVP),
or conversely one can apply an electric field and
measure the resultant acoustic field which is re-
ferred to as the electronic sonic amplitude (ESA).

First let one consider the measurement of CVP.
When the density of the particles Pp differs from
that of the medium Pm. 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). This phenomenon is usually referred to as a
polarization of the DL [6J. This displacement of
opposite charges gives rise to a dipole moment.
The superposition of the electric fields of these
induced dipole moments over the collection of
particles gives rise to a macroscopical electric
current which is referred to as the colloid vibra-
tion current (CVI). Thus, the fourth mechanism
of particles interaction with sound leads to the
transformation of part of the acoustic energy to
the electric energy. This electric energy may then
be dissipated if the opportunity for the electric
current flow exists.

Now let one consider the measurement of ESA
which occurs when an alternating electric field is
applied to the disperse system [7]. If the ~-poten-
tial of the particle is greater than zero, then the
oscillating electrophoretic motion of the charged
dispersed particles generates a sound wave.

Both electroacoustic parameters CVI and ESA
can be experimentally measured. The CVI or ESA
spectrum is the experimental output from elec-
troacoustic spectroscopy. Both of these spectra
contain information about ~-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 electroacoustic spectra into the
PSD requires theoretical model of the electroa-
coustic phenomena. This conversion procedure is
much more complicated for electroacoustics com-
paring to the acoustics. The reason of the addi-
tional problems relates to the additional field
involved in the characterization: electric field. The
theory becomes much more complicated because
of this additional field.

For some time O'Brien's theory [28,29] has
been considered as a basis for electroacoustics
including concentrated systems. This theory intro~
duces a notion of dynamic electrophoretic mobil-
ity Jid' It declares that CVI and/or ESA are
proportional to this parameter with coefficient
which is independent on frequency and particle
size:

ESA(CVI) = Ccal Pp - Pm <P/ldE(V P) (II)

Pm
where Ccal is a ceU constant, P is the hydrody-
namic pressure, and E is the external electric field
strength.

One can see that according to the O'Brien's
theory electrophoretic dynamic mobility contains
aU information about particle size and ~-potential.
It makes this parameter a key for electroacoustic
theory. The most promising theory of the dy-
namic electrophoretic mobility has been created
recently by Ohshima, Dukhin and Shilov
[30,22,31 J.

Unfortunately it turned out that situation with
electroacoustic theory is more complicated than
predicted by O'Brien's theory. It was shown re-
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cently that O'Brien's theory relationship (Eq. (II»
contradicts the Onsager principle and Smolu-
chowski theory if applied for concentrated sys-
tems. This conclusion was confirmed
experimentally with the two equilibrium dilution
tests performed with small silica (30 nm) and
larger rutile (300 nm). Results of this experiment
are shown on Fig. 3. Term 'hybrid O'Brien's
theory' corresponds to the combination of the
O'Brien's relationship (Eq. (11» and Ohshima-
Dukhin-Shilov cell model [30,22,31].

Test with the small silica Ludox is the most
impressive because cell model theory reduces to
the Smoluchowski law in this case. Assumptions
of the cell model does not affect theoretical results
in this case and yet there is a big discrepancy
between O'Brien theory and experiment. It proves
that the reason of the theory failure is expression
(11).

It turned out that coefficient between electroa-
coustic signal (CVI or ESA) and dynamic mobil-
ity depends on frequency and particle. It
diminishes importance of the dynamic mobility
because there is no simple way to calculate it from
the electroacoustic signal.

There is another electroacoustic theory created
in the work [23] without using O'Brien relation-
ship. It yields the following expression for CVI:

CVI=
N

I ~/h«</)~
I-I

a;l(aJ( jwp, +~)~~~lp)(pp - Pm)wV P

performed using equilibrium supernate. This su-
pernate was generated for silica with dialysis, and
for rutile with centrifugation.

So far, this 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 avail-
able. 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
keeping in mind that the thermodynamic effect of
'thermal losses' is dominant for acoustics of emul-
sions. It is not clear yet why electroacoustics is so
different from acoustics in that thermodynamic
effects are not important.

One simple hypothesis is offered which might
explain this difference. Electroacoustics is related
to the displacement of the electric charges in the
double layer (DL). This displacement is character-
ized by dipole symmetry. At the same time 'ther-
mal 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 spherically
symmetrical oscillation does not cause displace-
ment of electric charges in the DL with dipole
structure.

This is a hypothesis and a fundamental theory
that will take into account thermodynamic effects
in addition to electrodynamic and hydrodynamic
effects should resolve this question. The electroa-
coustic theory of emulsions will not be complete
unless such a theory is developed.

Nevertheless, electroacoustics even at present
stage can yield very important information about
electric surface properties of emulsions as it will
be shown below.

4(1 + O.5<p )'1(1 - ~) N 1;P ~ ,rp £... )'1

+(l-/p)p",I-1 j(J)P,,+;;

2.3. Bubbles problem

al~WPmlX-I- J2;;

where £. and GI are dielectric permittivities of the
medium and vacuum, h and I are special function
given in Appendix A as well as drag coefficient y.

This new theory has been tested experimentally
(Fig. 3). It is seen that theory works up to 45%
vol. because it produces ~-potential which is al-
most independent on volume fraction. It is sup-
posed to be this way because dilution tests were

One of the experimental problems that may
affect acoustics is the presence of air bubbles
during measurements. While bubbles will affect
sound attenuation and speed, it is worth consider-
ing how much of an effect they really have and
whether the bubbles will detract from the acoustic
techniques:
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ogy. All of them claim to be able to characterize
emulsions in the wide droplet size range. There
are some major differences between them. For
instance Opus was designed initially for large
particles only because it employs the 'short wave-
length requirement' [25].

There are also three electroacoustic spectrome-
ters on the market: Matec ESA 9800, the Acous-
tosizer of Colloidal Dynamics and the DT -200 of
Dispersion Technology.

There is only one instrument which provides
both features, acoustics and electroacoustics to-
gether, and this is the DT-1200 Acoustic and
Electroacoustic Spectrometer of Dispersion
Technology.

Comparison of the different instruments lies
beyond the scope of this review. The DT -1200
was used for all experiments described in this
work. A description of this instrument is given in
the papers [23,36- 38] including accuracy and pre-cision tests. .

There is one more recent development made by
Dispersion Technology, which might be of the big
interest, especially for on-line measurements and
routine quality control. It is electroacoustic probe
described in details in the pending patent [38].
This probe implements a completely new method
of characterizing particle size and ~-potential
which is based on the new electroacoustic theory
[23] for concentrated colloids. This probe mea-
sures CVI as well as DT-I200. The difference is
that sensing electric electrode is placed on the
surface of the ultrasound transducer. This design
eliminates contribution of attenuation. Sample
volume is much smaller, probe diameter is about
3 cm only. It can be easily immersed into the
small sample container. In addition, it makes
possible to characterize colloids on-line.

I. It has been determined that acoustic spectra is
affected by bubbles. An acoustic theory de-
scribing sound propagation through bubbly
liquid has been created by Foldy in 1944 [32],
and confirmed experimentally in 1940-1950
[33 - 35].

2. Contribution of bubbles to sound speed and
attenuation depends on the bubble size and
sound frequency. For instance, a 100 ~ bub-
ble has a resonance frequency of about 60
KHz. This frequency is reciprocally propor-
tional to the bubble diameter. A bubble of 10
~m diameter will have a resonance frequency
of about 0.6 MHz.

3. Acoustic spectroscopy of dispersed systems
operates with frequencies above 1 MHz and
usually up to 100 MHz. The size of the bub-
bles must be well below 10 ~m in order to
affect the complete frequency range of acoustic
spectrometer.

4. Bubbles with sizes below 10 ~ are very un-
stable as is known from general colloid chem-
istry and the theory of flotation. 'Colloid-sized
gas bubbles have astonishingly short lifetimes,
normally between 1 ~s and 1 ms'. [35]. They
simply dissolve in liquid because of high
curvature.

Bubbles can only affect the low frequency part
of the acoustic spectra below 10 MHz. The fre-
quency Tange from 10 to 100 MHz is available for
particle characterization even in the bubbly liq-
uids. Acoustic spectrometer can do both, sense
bubbles and characterize particle size. This con-
clusion can be confirmed with thousands of mea-
surements performed with hundreds of different
systems. Sensitivity to bubbles, in fact, is an im-
portant advantage of acoustics over electroacous-
trics. The presence of bubbles may affect the
properties of the solid dispersed phase. For in-
stance, bubbles can be centers of aggregation
which makes them an important stability factor. 4. ,\pplications

4. J. Ceramics
3. Measuring technique

Determination of both the particle size distriBu-
tion and the ~-potential of ceramic slurries is of
key importance in optimizing performance. The
particle size of the slip is closely related to inho-

Currently, there are three acoustic spectrome-
ters on the market: Ultrasizer of Malvern, Opus
of Sympatec and DT-IOO of Dispersion Technol-
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mogeneities, which in turn relate to fracture
origins as well as shape distortion/cracking during
drying, pyrolysis and sintering. Furthermore, the
~-potential of the slurry particulates can be used
as a tool for optimizing chemical dosage to
achieve the desired colloid stability and size
distribution.

Traditional measurements of particle size and
~-potential usually involve light scattering or sedi-
mentation techniques and require extreme dilu-
tion of the ceramic slip. This dilution step often
changes both the size distribution and the ~-po-
tential of the sample, thereby distorting the very
information being sought. Characterizing the con-
centrated sample directly would allow one to real-
istically judge the true agglomeration status of the
slip and to optimize the dosage of various chemi-
cal additives in situ. In contrast, measurements of
the diluted samples with traditional methods often
reveal only the primary size of the raw materials
since the usual sample preparation steps of dilu-
tion, chemical modification, stirring and perhaps
even sonication have destroyed most of the useful
information about the original slurry.

Acoustic spectroscopy can provide accurate
particle size data even in concentrated slurries.
Fig. 4 shows the measured attenuation spectra
and corresponding particle size distribution for
four different alumina slurries. Table 19ives a
comparison of the measured particle size with the
manufacturer's data derived from traditional
methods.

The agreement between acoustic and traditional
methods is quite good because care was taken in
formulating the concentrated dispersion with an
optimum level of surfactant to insure good disper-
sion of the primary particles. In many real-world
cases, the final dispersant dose may have been
simply extrapolated from very dilute measure-
ments and one may obtain a larger particle size in
the actual slurry than predicted from these dilute
measurements of the raw materials. It is almost
always better to characterize the particle size of
the slurry. When this does not compare with
dilute measurements one needs to examine
whether the chemical formulation is adequate.

Acoustic spectroscopy is applicable to virtually
all ceramic materials. Fig. 5 shows typical particle

size distributions for a variety of commonly used
ceramic materials.

For many applications it is important to recog-
nize particle size sub-populations in the final
slurry. Such bimodal distributions might result
from agglomeration of primary particles caused
by non-optimum dispersant addition, or in the
following example, from an intentional addition
of a second size fraction. Fig. 6 shows the acoustic
attenuation spectra for three 10 vol.% alumina
slurries: a 0.36 ~m sample, a 2 ~ sample, and a
1: 1 mix of the two. The theoretical spectra fit
quite precisely the experimental data giving high
confidence in the results. Fig. 6 shows the result-
ing size distributions for the two single compo-
nent slurries (blue and black curves) as well as the
bimodal distribution for the mixed slurry (red
curve).

In many ceramic applications the ceramic slip is
actually a mixture of more than one solid compo-
nent. Traditional optical or sedimentation tech-
niques can not provide correct interpretation of
such mixtures and typically assume that all parti-
cles have a common set of physical properties. In
contrast, commercially available software for
acoustic spectroscopy has evolved to the point
that allows the specification of at least two classes
of disperse particles. For example, Fig. 7 shows
an example of a mixed system of alumina and
zirconia particles. This Figure shows the attenua-
tion spectra for three 5 vol.% slurries: a 2 ~
single component alumina, a 0.3 ~m single com-
ponent zirconia, and a I: 1 mix of the two ingredi-
ents. Again, the theoretical spectra fit the
experimental data quite precisely giving high
confidence in the results. Fig. 7 shows the result-
ing single mode particle size distribution for each
oxide measured separately, as well as two separate
single mode distributions measured for each com-
ponent in the mixed slurry system.

It is not always appreciated that the particle
size distribution of a slurry is not simply a func-
tion of the primary size of the constituent ingredi-
ents, but instead is a result of many complex
chemical and mechanical operations on the sys-
tem. The ~-potential of the system is one parame-
ter that can be used to investigate this complex
relationship. Fig. 8 compares ~-potential data for
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Fig. 4. Measured particle siu distributions for four Sumitomo aluminas demonstrates the wide particle size range capability of
acoustic spectroscopy and the ability to provide quality control of a wide range of raw materials. Acoustic Spectra for same four
aluminas fit precisely with theoretical curve based on output particle siu distribution.

a typical rutile and alumina sample using electroa-
coustic data. The pH at which the ~-potential goes
to zero is referred to as the isoelectric pH. Differ-
ent materials may have quite different isoelectric
points as is evident from. this figure. If good
stability is desired, then one needs to operate far
enough from the isoelectric point to achieve a
~-potential in excess of say 20-30 mY, either plus
or minus. For the alumina shown this would
suggest that to obtain optimum stability for this

Table I
Median particle size of Aluminas Sumitomo

Acoustics, DT - t 200 Manufacturer
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readjusted to a point either significantly below or
above this new isoelectric point. But how can this
dramatic shift in the isoelectric point be ex-
plained? The explanation is actually quite simple.
The initial slurry had a very small level of con-
tamination, which was insignificant in terms of
the overall stability of the system. However, under
acid conditions this minor component dissolved.
Upon subsequent change to more alkaline condi-
tions, this dissolved material re-precipitated on
the surface of the major silicon nitride compo-
nent. Now this minor component, although
present only in seemingly insignificant quantity,
nevertheless dominated the surface chemistry of
the silicon nitride material. By realizing that the
final state is dependent on the history of the
sample the process could be modified to accom-
modate this change.

Fig. 5. Versatility of acoustic method is illustrated by particle
size distributions for variety of ceramic materials.

4.2. Chemical-polishing materialsalumina, one should adjust the pH to avoid the
pH range between 8 and 11 where the ~-potential
is less than 20 m V. This complex relationship
between ~-potential and particle size distribution
can be easily understood using acoustic spec-
troscopy [36].

In the real world, the situation is sometimes
even more complex. The particle size and ~-poten-
tial is not just a function of the final chemical
state of the system, but may depend also on the
history of how the system reached this state. In
other words, the complete history of the sample
may be important as is illustrated in Fig. 8, a case
history of a plant manufacturing silicon nitride.
The red curve shows the ~-potential as the pH is
decreased to an acid condition. From just this
data alone one would think that a pH of 7-8
would provide adequate ~-potential for stability.
However, operating experience in the plant indi-
cated otherwise. A clue to the problem was found
by reversing the titration towards more alkaline
conditions. The reverse titration, shown by the
blue curve, revealed that the isoelectric point de-
creased by 2 pH units after the slurry was exposed
to this acid condition. Investigation of plant oper-
ations showed that the slurry processing normally
included such an acid wash. In order to obtain
adequate stability following this acid condition,
the data suggests that the process pH must be

Modem chemical-mechanical polishing materi-
als (CMP) present a new challenge for measuring
techniques. Three aspects of this application cause
difficulties when using instruments based on tradi-
tional techniques. First, the particle size of a
typical CMP slurry is too small for sedimentation
based instruments or electric zone instruments.
Typically, the mean size of CMP materials is
approximately 100 om with no particles, or hope-
fully just a few, larger than 500 nm. Second, the
range in the size of the particles may be greater
than 1000: I which also eliminates many classical
techniques. Third, CMP systems are typically
shear sensitive. Shear caused by the polishing
process itself or the delivery system may cause
unpredictable assembly of the smaller particles
into larger aggregates. However, these aggregates
may be weakly formed and easily destroyed by
subsequent sonication, high shear, or dilution.
Therefore, any technique which requires dilution
or other sample preparation steps may in fact
destroy the very aggregates that one is attempting
to quantify by measurement. It was suggested that
CMP systems must be characterized as is, without
any dilution or sample preparation.

Acoustic spectroscopy provides an exciting al-
ternative to more classical methods. However,
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there is one feature of acoustic spectroscopy
which thus far has not been described sufficiently
in the literature: namely the ability to characterize
a bimodal PSD. Although Takeda et al. [39]
demonstrated that acoustic spectroscopy is able to
characterize bimodal distributions of mixed alu-
mina particles, the ultimate sensitivity in detecting
one very small sub-population in combination

with another dominant mode has not yet been
investigated. Yet, it is just this feature, the ability
to recognize a small sub-population, which is
most critical for CMP studies. The paper [40]
addresses this important issue.

Unfortunately, there is no agreement in the
literature as to the number of larger particles
which might be allowed in a CMP slurry. For the
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Fig. 6. The high sensitivity of acoustic attenuation spectra is illustrated by the large difference in the attenuation spectra for two
different size alumina slurries as well as a 1:1 mixture of each. The validity of the theory is established by the good fit between the
theoretical prediction and the experimental data. Each peak in the bimodal distribution for the mixed slurry agrees precisely with
a corresponding peak in the size distribution for the single component slurry.
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size assuming a certain model for describing the
sound attenuation in terms of the physical proper-
ties of the system. It follows therefore that this
target sub-population sensitivity needs to be
translated into a corresponding precision and ac-
curacy specification for the attenuation measure-
ment. It was shown in the paper [40] that, from a
theoretical standpoint, the required precision is

moment it will be assumed that only one large
particle of 1 J!In size might be allowed per 100 000
small 100 nm particles. This target sensitivity
corresponds to large particles amounting to I % of
the total weight of all particulates.

Of course, an acoustic spectrometer does not
directly measure particle size. In fact, it measures
an attenuation spectra and calculates the particle

O.o~ ~-: ~~:::;, .!,:'-:~c.~~~~"-..:--.,

10-1 10-1 100 101 102

Di8Defer IfBni

Fig. 7. The attenuation spectra for alumina, zirconia, and 1:1 mixture shows that three cases have quite different spectra and that
best-fit theoretical distribution find good solution for each case. Particle size distribution for each component in mixed slurry can
be measured. The size distribution for each component in the mixed slurry agrees well with the particle size for each component
measured separately.
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particles was added to a single component slurry
of smaller particles. Two slurries were used for the
small particles: Ludox- TM and Cabot SS25. Two
Geltech silica with nominal sizes 0.5 and 1.5 J1m
were used as the model large particles. It was
shown that the change in the attenuation spectra
was statistically significant when the large parti-
cles amounted to at least 2% of the total weight of

roughly 0.01 dB cm - I MHz - '. The set of exper-

iments were perfonned with a single component
system of Dupont silica Ludox- TM to confinned
that DT-1200 acoustic spectrometer indeed meets
this target requirement.

A second set of experiments was then made to
test whether the attenuation spectra changed re-
producibly when a small amount of the larger
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Fig. 8. Slurry isoeiectric point suggests optimum pH for achieving stability. Curve for alumina slurry suggests avoiding the range
pH 9-10, whereas titania curve suggests avoiding the range pH 3-4. Slurry stability depends not only on chemical state but how
one reaches this state. Titration of production silicon nitride to low pH indicates high ~-potential and good stability at pH 7-8.
However, process engineers found that this pH did not provide good operating performance. Actual process included an acid wash
of slurry. Back titration to alkaline conditions shows dramatic shift in isoelectric point requiring shift in plant operating conditions.
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Fig. 9. Attenuation spectra measured for Ludox TM silica, Gdtecb 0.5 and 1.5 silica, Cabot SS25 and SSI2silica. Total solid content
is 12 wt.% except for SS25 which is 25 wt.%. Particle size distributions corresponding to the measured attenuation spectra.

pare the particle size detennined by acoustic spec-
troscopy for the five 12 wt.% test slurries with
independent data from the manufacturers. The
values of the median size in each case is shown in
Table 2. It is interesting to note that there is some
difference between the acoustically measured data
and that provided by the manufacturer. In large
part this is related to differences in the characteri-

all particulates. Expressed another way, the detec-
tion limit for this 12 wt. % slurry corresponded to
a sub-population which was only 0.24 wt' % in
tenDS of the total sample weight, or 0.24 g of
large particles per 100 g of the slurry.

The attenuation spectra and corresponding
PSD for all five single component silica slurries is
shown in Fig. 9. These tests allowed one to com-
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The final question is to determine whether the
calculated PSD calculates a correct bimodal dis-
tribution for these mixed model systems. The
DT-1200 always calculates a lognormal and a
bimodal distribution which best fits the experi-
mental data. These two PSD are best in the sense
that the fitting error between the theoretical atten-
uation calculated for the best PSD and the exper-
imental attenuation is minimized. These fitting
errors are important criteria for deciding whether
the lognormal or bimodal PSD is more appropri-
ate for describing a particular sample. For in-
stance, the PSD is judged to be bimodal only if
the bimodal fit yields substantiaUy smaller fitting
error than a lognormal PSD. It was shown that
fitting errors for the bimodal PSD is better than
the lognormal for aU of the mixed systems over
the whole concentration range and for both the
large and larger sized particles. According to the
fitting errors, aU PSD in the mixed systems are
bimodal, which of course is correct for these
known mixed systems.

Details about error analysis implemented into
the DT instruments software are described in the
papers [36,40].

Acoustics yields information only about parti-
cle size. It turned out that it is not sufficient for
characterizing CMP slurries. Information about
~-potential is very valuable for proper characteri-
zation of these materials. Electroacoustics opens
the way to perform this characterization with very
high quality of reproducibility and speed. Fig. 11
shows results of pH titration of silica Ludox and
CMP slurry produced by ECC. It is seen that
electroacoustics is able to characterize ~-potential
below 1 m V with precision about 0.1 m V. This
degree of accuracy and precision exceeds anything
imaginable with microelectrophoresis

zation technique. For instance, the size of the
Ludox- TM slurry is determined by Dupont using
a titration method. This method yields an average
size on an area basis. Acoustic spectroscopy gives
a size on a weight basis, which for a polydisperse
system will always be somewhat larger than an
area based size. In addition acoustic spectroscopy
implies some assumption about real dispersed sys-
tem when particle size is being calculated from the
attenuation spectra. Any measuring technique
does the same. These assumptions and variation
in physical properties which are involved into the
calculation can cause some variation in size as
well.

Successful reproducibility and reasonable agree-
ment with other techniques then encouraged one
to test the ability to correctly determine bimodal
PSD. Ludox TM or CMP SS12 small particles
were used as the major component of a slurry.
The Geltech 0.5 or Geltech 1.5 were used as
'large' and 'larger' particles in the minor compo-
nent of the mixed slurry. In each case the minor
fraction was added to the Ludox- TM or the CMP
SS12 systems in steps. Each addition increased the
relative amount of the larger particles by 2%. The
attenuation spectra was measured twice for each
mixed system in order to demonstrate
reproducibility.

Fig. 10 illustrate the results of these mixed
system tests. It is seen that attenuation increases
with increasing amounts of the 'large' or 'larger'
particles. The increase in the attenuation with
increasing doses of the Geltech content is in all
cases significantly larger than precision of the
instrument. This demonstrates that the DT-1200
data contains significant information about the
small amount of large particles.

Table 2
Median particle size for various silica samples

4.3. Emulsion.S'

There are many instances of successful charac-
terization of the particle size distribution and
~-potential of emulsion droplets. There are two
quite representative reviews of these experiments
published by McOements [3] (acoustics) and
Hunter [8] (electroacoustics) (Fig. 12).
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that affects surface chemistry. This factor was
tested for reverse water-in-oil emulsion. The oil
phase was simply commercially available car lu-
bricating oil diluted twice with paint thinner in
order to reduce the viscosity of the final sample.
Fig. 13 illustrates results for emulsions prepared
with 6% by weight of water.

Some results of a recent investigation are
presented that were not published before.
Various factors that affected stability, size
and ~-potential of the emulsion droplets were
investigated.

One of the most important parameter affect-
ing emulsions is the surfactant concentration
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size distribution of relatively stable emulsions. In
many instances emulsions are found that are not
stable at the dispersed volume concentration re-
quired to obtain sufficient attenuation. signals
(usually above 0.5%). Hazy water in fuel emul-
sions (diesel, jet fuel, gasoline) may exist at low
water concentrations of only a few 100 ppmv
(0.01%) of dispersed water. Attempts at character-
izing these systems without added surfactant re-
sulted in unstable attenuation spectra and water
droplets were discovered to separate from the
bulk emulsion and settle out on the chamber
walls. This problem is less important for thermo-
dynamically stable microemulsions.

4.4. Food emulsions

Food emulsions is a very important and
prospective application for acoustics and electroa-
coustics. These emulsions are quite concentrated
which eliminates traditional light based tech-
niques for characterization purposes. Dilution
protocol is not suitable for emulsions because it
destroys the original distribution of droplets.

Fig. 14 illustrate that acoustic spectrometer is
able to provide reproducible and distinguishable
attenuation spectra for a wide spectrum of dairy
products. One can see that attenuation spectra

This Figure shows the attenuation spectra for
three samples. The first sample was a pure oil
phase and exhibited the lowest attenuation. It is
important to measure the attenuation of the pure
dispersion medium when a new liquid is evalu-
ated. In this particular case, the intrinsic attenua-
tion of the oil phase was almost 150 dB cm -1 at
100 MHz which is more than seven times higher
than for water. This intrinsic attenuation is a very
important contribution to the attenuation of ul-
trasound in emulsions. It is the background for
characterizing emulsion system.

The emulsion without added surfactant was
measured twice with two different sample loads.
As the water content was increased the attenua-
tion became greater in magnitude. For this sys-
tem, the attenuation was found to be quite stable
with time. Addition of 1% by weight sodium bis
2-ethylhexyl sulfosuccinate (AOT) changed the
attenuation spectra dramatically. This new emul-
sion with modified surface chemistry was mea-
sured two times in order to show reproducibility.
The corresponding particle size distribution is
shown in Fig. 13 and indicates that the AOT
converted the regular emulsion into a microemul-
sion as one could expect.

These experiments proved that the acoustic
technique is capable of characterizing the particle
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reflects a fat content. There is a general trend of
increasing attenuation with increasing fat content.

Attenuation spectra contains information about
droplets size. This PSD can be calculated using
certain input parameters. In the case of emulsions
sound speed, thermal expansion and intrinsic atten-
uation of the fat oil need to be known. In principle
these parameters are easily measurable if one has
fat oil as a one phase liquid. Unfortunately, dairy
fat oil is not available at least here as a pure liquid.

Nevertheless, other oils with close properties
can be used. In this particular case sound speed
was assumed equal to 1440 m s - I, thermal expan-

sion to 7.2 x 10-41 K -I, intrinsic attenuation to
5 dB cm I MHz-I at 100 MHz which is 25
times higher than water. Content of fat is 25 wt. %
for ranch and 17 wt. % for maonese. Droplets'size
distribution for ranch salad dressing and may-
onese corresponding to these input parameters are
given on Fig. 14.

.41~ ~ ,--- ,'. ~ ..-\ ~.'-' ---- . .- -
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It is important to mention that different input
parameters would lead to the different droplet size
distributions. However, even this PSD are
somewhat helpful for understanding difference
between size of the different dairy products. It can
be used for this purpose especially keeping in
mind high reproducibility illustrated on Fig. 15.

verse microemulsions (water in oil) without the
complication introduced by additional co-surfac-
tant. Such a co-surfactant (usually alcohol) is
required by many other reverse microemulsion
systems. This simplification makes the alkane/wa-
ter/AOT system a model for studying reverse
microemulsions.

There have been many studies devoted to char-
acterization of these practically important sys-
tems. Reverse emulsion droplets have been used
as chemical micro reactors to produce nano size
inorganic and polymer particles with special prop-
erties that are not found in the bulk form [41-45].
These microemulsion systems have also been a

4.5. Microemu/sions

The miJc.ture of heptane with water and AOT is
a classic three component system. It has been
widely studied due to a number of interesting
features it exhibits. This system forms stable re-
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Fig. 13. Attenuation and corresponding particle size distribution of 6 wt.% water-in-car oil emulsion and microemulsion created by
adding sodium bis 2-ethylhexyl sulfosuccinate (AOT).
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Fig. 14. Attenuation spectra of the various dairy products and corresponding PSD.

ent techniques were used: PCS [50-55], classic
light scattering [52,54,56), SANS [57-59], SAXS
[51,60,61), ultracentrifugation [49,53,56), and vis-
cosity [51,53,56). It was observed that the hep-
tane/water/AOT microemulsions have water pools
with diameters ranging from 2 up to 30 nm. The
water drops are encapsulated by the AOT surfac-
tant 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
([H20)/[AOT). At low R values (R < 10) the wa-

topic of research for biological systems and the
AOT head groups have been found to influence
the conformation of proteins and increase enzyme
activity [46-49]. The unique environment created
in the small water pools of swollen reverse mi-
celles allows for increased chemical reactivity. The
increase in surface area with decrease in size of
the droplets also can significantly increase reactiv-
ity by allowing greater contact of immiscible
reactants.

There have been many attempts to measure the
droplet size of this microemulsion. Several difTer-
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ter is strongly bound to the AOT surfactant polar
head groups and exhibits unique characteristics
different from bulk water [56]. At higher water
ratios, (R> 20), free water is predominant in the
swollen reverse micellular solutions, and at ap-
proximately R = 60, the system undergoes a tran-
sition from a transparent microemulsion into an
unstable turbid macroemulsion. This macroemul-
sion separates on standing into a clear upper
phase and a turbid lower phase.

The increase in droplet size and phase
boundary can also be achieved by raising the
temperature up to a critical temperature of 55°C.
In addition this system has been found to exhibit
an electrical percolation threshold whereby the
conductivity increases by several orders of magni-
tude by either varying the R ratio or increasing
the temperature [59,60,62,63]. Despite all these
efforts, there still remain questions regarding the
polydispersity of the water droplets, and few stud-
ies 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. De-
tails of this experiment are presented in the paper
[64]. The reverse microemulsions were prepared
by first making a 0.1 molar AOT in heptane
solution (6.1 wt.% AOT). The heptane was ob-

4-
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tained from Sigma as HPLC grade (99 + % pu-
rity). Known amounts of 18 Mll-cm water were
added to the AOT -heptane solution using a 1 ml
total volume, graduated glass syringe and then
shaken for 30 s in Teflon capped glass bottles.
The shaking action was required to overcome an
energy barrier to distribute the water into the
nano-sized droplets, as it could not be achieved
using a magnetic stirrer.

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. Addi-
tional water was titrated and the microemulsion
was shaken for 30 s 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 properties 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 calculated for water only without including
the AOT. Each trial run lasted approximately
5-10 min with the temperature varied from 25 to
27°C. A separate microemulsion 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 = 0-100 was repeated to
evaluate the reproducibility.

Attenuation spectra measured in the first run
up to R = 80 are presented in Fig. 16. The results
for R = 90 and R = 100 are not reported because
they were found to vary appreciably. As the water
concentration is increased, the attenuation spec-

10' 10'

Frequency [MHzI
l~

Fig. 15. Attenuation spectra of ranch salad dressing and light
cream measured several times for illustrating reproducibility.
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higher than that of the pure liquids. The increase
in attenuation, therefore, is due to this hetero-
geneity 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 attenuation is
much higher than that for pure liquids (size of
molecules).

The current system contains a third component-
AOT. A question arises on the contribution of
AOT to the measured attenuation. In order to
answer this question, measurements were done on
a mixture of 6.1 wt.% AOT in heptane (R = 0). It
is the third smallest attenuation curve on Fig. 13.
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 increase in attenuation is attributed to
AOT micelles. Unfortunately 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 measured attenuation spectra are presented in
Fig. 15. It can be seen that the distribution be-
comes bimodal for R ~ 60 that coincides with the
onset of turbidity. It is to be noted that such a
conclusion could not easily be arrived at with
other techniques. However, Fig. 17 illustrates a
peculiarity of this system that can be compared
with independent data from literature: mean par-
ticle 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 Fig.
18.
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Fig. 16. Acoustic attenuation spectra measured for water!
sodium bis 2~thylhexyl sulfosuccinate (AOT);heptane system
for different water to AOT ratios R.

trum 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 attenuation 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
additional experiment was run at R = 40 for a
separate microemulsion prepared a few days ear-
lier. 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 atten-
uation 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 correspond
to the attenuation in 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

It is seen that mean particle size measured using
acoustic spectroscopy are in good agreement with
those obtained independently using the neutron
scattering (SANS) and X-ray scattering (SAXS)
techniques [46,51,57] for R values ranging from 20
to 60. A simple theory based on equi-partition of
water and surfactant [36] 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 constrained 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
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content. An increased concentration of water
resulted in higher ~-potentials. However, the water
content was not the most important factor. This
experiment was performed at two different AOT
concentrations and the ratio of water to AOT (R)
was discovered to be the key parameter. When the
~-potential was plotted versus the R values, the
same curve was obtained for both AOT concentra-
tions. This demonstrates that the ~-potential de-
pends on the degree of the water surface coverage
by AOT molecules.

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.

In addition to particle size, the Colloid Vibration
Current was also measured for calculating ~-poten-
tial. The results are presented in Fig. 19 and the
~-potential was found to depend on the water
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Fig. 17. Drop size distribution for varying R [H20]/[sodium bis 2-ethylhcxyl sulfosuccinate (AOT)l from 10 to 50 and from 50 to 80.
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4.6. Latex
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There have been many successful experiments
that have characterized latex systems using both
acoustics and electroacoustics. For instance, Alle-
gra and Hawley measured polystyrene latex.
There is another successful application, this time
with neoprene latex, which is described in the
paper [15].

The accuracy and precision of the 0-1200
Acoustic Spectrometer have also been tested using
Standard Oow Latex with expected median parti-
cle size of 0.083 ~m. Results are shown in the
Table 3.

These successful examples of characterizing la-
tex systems are possible only when thermal expan-
sion 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. 20
illustrates this fact for several ethylene copolymers
with different ethylene content. Variation of the
ethylene content from 5 to 100/0 was found to
causes significant change in attenuation spectra.
This change is associated with the thermal expan-
sion coefficient, but not the particle size.

The uncertainty related with the thermal expan-
sion coefficient makes latex systems the most
complicated systems for acoustics. This is impor-
tant to keep in mind for testing a particular model
of an acoustic instrument. Latex dispersions that
are used as standards for light based methods
should be used with caution as in many cases the
thermal expansion properties of these standards
are not well known.

Fig. 18. Comparison of mean droplet size measured using
acoustic spectroscopy, neutron scattering and X-ray scattering.

This experiment allows one to suggest a mecha-
nism of electric charge formation on the surface
of the water droplets in the oil phase. This is a
field of great interest in modem emulsion science.
According to the experiment, the ~-potential ap-
pears when there is a deficit of AOT molecules for
complete coverage of the water droplets. As more
elements of the water phase become exposed to
the oil, higher values of the ~-potential are mea-
sured. The water phase also contains a consider-
able concentration of sodium ions that originate
from the AOT and serve as counter-ions to the
negatively charged sulfosuccinate head groups. As
a result of decreased surface coverage, the water
droplets gain surface charge when they are in
contact with oil. This surface charge can appear
because of ion exchange between the water and oil
phase caused by the difference in standard chemi-
cal potentials in each phase. Molecules of AOT
do not create surface charge, but conversely
screen the surface charge of the initial water
droplets. At the same time these AOT molecules
change the interfacial tension creating conditions
for a thermodynamically stable microemulsion.
This is only a hypothesis so far and further inves-
tigation is required for confirmation.

5. Conclusions

It is hoped that it is proven with this short
review that acoustics and electroacoustics can be
extremely helpful in characterizing particle size,
~-potential and some other properties of concen-
trated dispersed systems. Both methods are com-
mercially available already. There are still some
problems with theoretical background for elec-
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troacoustics of emulsions but analysis of the liter-
ature shows gradual improvement in this field.

The combination of the acoustic and electroa-
coustic spectroscopy provides a much more reli-
able and complete characterization of the disperse
system than either one of those spectroscopes

separately. Electroacoustic phenomena is more
complicated to be interpreted when comparing the
acoustic ones because an additional field (electric)
is involved. This problem becomes even more
pronounced for a concentrated system. It makes
acoustics favorable for characterizing particle size,

>
.i
:s
.
a
8.

i

Fig. 19. ~-Potential measured electroaooustically for water droplets covered with sodium his 2-ethylhexyl sulfosuccinate (AOT) in
heptane vs. water content.
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Fig. 20. Attenuation spectra for latex dispersions with different content of ethylene.

hi(b)
1

~ bh.(b)- 21.3
'bl+2(12113-1.1~

whereas electroacoustics yields electric surface
properties.

It is believed that these ultrasound based tech-
niques is a very valuable addition to the tradi-
tional colloid chemical arsenal of tools designed
for characterizing surface phenomena.

where b is radius of the cell:

J

b3=~
<p

Appendix A

According to the paper [18] drag coefficient can
be expressed in the following form general for
both Kuvabara and Happel cell models:

0= _~2{d(C1h1+C~2+~~'
3\ a

-~
9

h(x) = hl(x)h2<P) - hl<P)hZ<x)
dx

(AI)

~2 X
+J 'i"j-

3x
2p3

where x is nonnalized same way as a, coefficients
C. and Cz are different for two cell models: x

Kuvabara ( X2 3x

+j p+2p;

Happel x e-~1 +/{ ~~

2p3

c. hib)
I e-.-<I+n

I J 6-.1= - . ~..

x
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h)(x)

(X+l . )]+j -;-cosx+smx

h2(x)

Cell model in Happel version is more suitable
for acoustics because it reflects properly hydrody-
namic dissipation within the cell. Cell model in
Kuvabara version is better for electroacoustics
because it automatically yields Onsager relation-
ship [30].
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