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PARTICLE SIZE DISTRIBUTION AND ZETA 
POTENTIAL USING ACOUSTIC AND 
ELECTROACOUSTIC SPECTROSCOPY 

BACKGROUND OF THE INVENTION 

The present invention is directed to a particular kind of 
dispersed System that can be described as a collection of 
particles immersed in a liquid. The particles can be either 
Solid (Suspension) or liquid (emulsions). This kind of dis 
persed System plays an important role in all kind of paints, 
lattices, food products, cements, minerals, ceramics, blood 
etc. 

These Systems have a common feature. They all have a 
very high Surface area because of the Small particle size. 
Therefore surface related phenomena determine their behav 
ior in various processes. This patent deals with dispersed 
Systems where these Surface effects are dominant, corre 
sponding to a range of particle size up to about 10 microns. 

Characterization of Suspensions and emulsions is impor 
tant for the manufacture as well as the design of new Systems 
with improved properties. There are two basic notions for 
characterizing these dispersed Systems: "particle size distri 
bution” and “Zeta potential”. There are several methods for 
determining these characteristics. Most methods are based 
on light, for example: microelectrophoresis, light Scattering; 
light diffraction; etc. There is a new alternative method 
based on ultrasound which is rapidly becoming important. 
The ultrasound method has a large advantage over tradi 
tional light based techniques because it is able to character 
ize a concentrated Systems without dilution. Light based 
methods usually require extreme dilution in order to make 
the sample Sufficiently transparent for measurement. 

The present invention is directed to an improved device 
and method of using the ultrasound characterization tech 
nique. 

BACKGROUND ART 

There are two methods for ultrasound characterization of 
disperse Systems: Acoustics and Electroacoustics. In both 
methods, the interaction of Sound with the dispersed par 
ticles provides useful information. An acoustic method 
applies an acoustic input and measures an acoustic response. 
An electroacoustic method applies an acoustic input and 
measures an electrical response, or conversely applies an 
electrical input and measures an acoustic response. 

Both methods are macroscopic, in the Sense that they 
include two steps. The first Step is to perform Some experi 
ment on the disperse System to obtain a set of measured 
properties related to certain macroscopic qualities Such as 
temperature, pH, attenuation, Sound Speed, etc. The Second 
Step is an analysis of the measured data to compute the 
desired characteristics Such as particle Size or Zeta potential 
from these measured properties. This analysis requires three 
tools: a model dispersion, a prediction theory, and an analy 
SiS engine. 
A dispersion model is an attempt to describe the real 

World dispersion in terms of a set of model parameters 
including, of course, the desired characteristics. The model, 
in effect, makes a Set of assumptions about the real world in 
order to Simplify the complexity of the dispersion and 
thereby also simplify the task of developing a Suitable 
prediction theory. For example, most particle size measuring 
instruments make the assumption that the particles are 
Spherical and therefore a complete geometrical description 
of the particle is given by a Single parameter, its diameter. 
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2 
Obviously such a model would not adequately describe a 
dispersion of carpet fibers which have a high aspect ratio and 
any theory based on this over-simplified model might well 
give incorrect results. The model dispersion may also 
attempt to limit the complexity of the particle size distribu 
tion by assuming that it can be described by certain con 
ventional distribution function Such as for example a log 
normal distribution. 
A prediction theory describes Some of the measured 

properties in terms of the model dispersion. A prediction 
theory for Acoustic Spectroscopy would attempt to describe 
the attenuation and Sound Speed in terms of the model 
parameters. Similarly, a prediction theory for electroacous 
tics would attempt to describe Some electroacoustic mea 
Surement in terms of the model dispersion. 
An Analysis Engine is essentially a set of algorithms 

implemented in a computer program which calculates the 
desired characteristics from the measured data using the 
knowledge contained in the prediction theory. The analysis 
can be thought of as the opposite or inverse of prediction. 
Prediction describes Some of the measured properties in 
terms of the model dispersion. Analysis, given only the 
values for Some of the model parameters, attempts to cal 
culate the remaining properties by an analysis of the mea 
Sured data. There are many well-documented approaches to 
this analysis task and that are known to those of ordinary 
skill in the art. 
The prior art related to the design of hardware for col 

lecting the measured properties of the dispersion 
(attenuation, Sound speed, CVI, etc.) and the related predic 
tion theory for calculating these measured properties from 
the model parameters are described below. Since the 
hardware, measured properties, and prediction theory for 
calculating particle size and potential are quite different for 
Acoustics and Electroacoustics, the background art for these 
two methods are described Separately. 

ACOUSTICS Background 
Acoustics deals with the measurement of Sound attenua 

tion and Sound Speed. AS is known to those of ordinary skill 
in the art, there are many different approaches to measure 
these parameters in dispersed Systems. However, only two 
approaches are devoted to Small particles below 10 microns 
have been commercialized and are explained herein. 
First Acoustic Hardware Approach 
The first approach Suitable for Small particles was Sug 

gested by Pellam and Galt from MIT in 1946. There are two 
pertinent features of this approach: the use of a pulse 
technique and a variable gap between the transducer and 
receiver of the ultrasound pulse. The first implementation of 
this approach measured both Sound Speed and attenuation, 
however, at only one frequency. Later, this approach was 
modified and commercialized for measuring just attenuation 
but over a wide frequency range from 1 to 100 MHz. 

The variable gap feature provides a much wider dynamic 
range of Sound attenuation measurement than can be pro 
Vided by a fixed gap device. The Sensor loSS is measured as 
a function of the gap between transmitting and receiving 
transducers. This loss, expressed in decibels (dB), should be 
a linear function of the gap. A linear regression analysis of 
the Sensor loSS gives the colloid attenuation in decibels per 
centimeter (dB/cm) which is an intensive property of the 
dispersed System. This variable gap technique is a very 
important feature of this approach because the attenuation of 
the real dispersed Systems varies over a wide range from 0.1 
dB/cm for water at low frequency to 1000 dB/cm for curing 
cement at 100 MHz. 



6,109,098 
3 

This first approach has many advantages over the yet to be 
described Second method. The pulse technique eliminates 
problems related to reflection and errors due to Standing 
waves in a continuous wave System. The Signal-to-noise 
ratio can be improved almost indefinitely by collecting more 
and more pulses. The approach does not require any cali 
bration with known dispersed System. 

Nevertheless, this first approach requires Some improve 
ment when it is applied to real world concentrated Systems. 
Although this approach initially envisioned both attenuation 
and Sound Speed measurement, the Sound Speed part has 
never been developed as part of an integrated instrument. 
The lack of Sound Speed data Sometimes causes an artificial 
exceSS attenuation at low frequency. Correct Sound Speed 
information is necessary in order to Sample the received 
Sound pulse at the correct moment in time. With inaccurate 
Sound Speed information, the timing errors accumulate at 
progressively larger gaps, causing the pulse to be sampled at 
not quite the peak value for larger gaps, which in turn causes 
an apparent exceSS attenuation. For low frequencies, the 
attenuation is often Small to begin with, requiring measure 
ments over the available gap range. Small errors in Sound 
Speed information can cause significant timing errors for the 
larger gaps. In contrast, the attenuation at high frequency is 
typically large to begin with, restricting the use of the larger 
gaps, and the timing errors due to Sound Speed uncertainties 
are leSS Significant. Any exceSS attenuation at low frequency 
can cause error in the calculated particle Size distribution. It 
is clear that Sound Speed measurements greatly enhances the 
quality of the technique. Although Sound Speed measure 
ment of Samples with low attenuation is relatively 
conventional, highly attenuating concentrated Samples 
require a novel approach of the present invention. 

Attenuation of Sound is associated with the change of the 
Sound Speed relative to the frequency. It happens in So-called 
dispersive medium. For Such a System, where the Sound 
Speed is a function of frequency, we must be careful to 
distinguish between three different wave velocities: the 
phase Sound Speed, the group Sound Speed, and the Signal 
Sound Speed. 

The phase Sound speed c is the speed with which the 
phase angle of a simple harmonic wave progresses with 
distance. The group Sound Speed is the Speed for the progreSS 
of the “center of gravity” of a group of waves that differ 
Somewhat in frequency. The Speed of Surfaces of constant 
phase angle in this group wave is defined as c and is equal 
to the phase Speed of the component of average frequency. 
For a pulse, the Speed of the point of maximum peak 
amplitude, the point where the various signal component are 
all in phase, is not c, but c. 

If the phase Speed is independent of frequency, then the 
group Speed is equal to the phase Speed. However, if the 
center frequency of the pulse is at a point of Significant 
dispersion then the group Speed describing the propagation 
of the peak amplitude of the pulse will be quite different than 
the phase Speed. 

Finally there is the signal speed which is the velocity of 
the front of a group of waves, the Speed at which a receiver 
first learns that a signal has been launched from the trans 
mitter. Since in a dispersive media Some components of the 
pulse reach the receiver ahead of other components, the 
shape of the pulse can not be maintained. 
Second Acoustic Hardware Approach 

This second approach is described in the U.S. Pat. No. 
5,121,629 by Alba. This approach employs a continuous 
plane waves instead of a pulse technique. This approach also 
employs a variable gap, however, this feature is used for 
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4 
different purpose. The Sensor loSS is simply measured at a 
Single gap for which the highest Signal to noise ratio is 
obtained. No mention is made of any use of Sensor loSS 
information at different gaps, any regression of the data, or 
Separation of colloid losses from the transducer loss. 
The hardware design for the Second approach is much 

more complex than the first. In order to cover more or leSS 
the same frequency range, the Second approach apparently 
requires two pairs of broad band film transducers whereas 
the first one achieves this with a single transducer pair. The 
implementation of the Second approach requires a Sample 
Volume of approximately 3 liters, whereas the Second one 
requires only 100 ml Samples. 

Although the first approach is simpler from a hardware 
Standpoint, it does require Sophisticated Software which is 
able to acquire a variable number of pulses in real time, 
perform regression and Statistical analysis, and calculate the 
best PSD and potential employing Sophisticated models 
for both the colloid and the PSD. This software needs a high 
level of computer power that is now available. 
Prediction Theory Related to Acoustics 
AS is known to those of ordinary skill in the art, calcu 

lation of particle size or other particle properties from the 
attenuation spectra requires an acoustic prediction theory. 
Such theories are made possible by creating first a model 
dispersion based on certain simplifying assumption. Typi 
cally it is assumed that the real dispersed System can be 
modeled as a collection of Separate homogeneous Spherical 
particles in a Newtonian liquid. It is also assumed that these 
particles can be characterized by certain properties, Such as 
density and Volume fraction. It is clear that these model 
assumptions are not always valid, particularly for a floccu 
lated or structured system. Unfortunately, there is no crite 
rion in the literature which allows one to check the validity 
of the model for use with a particular concentrated System. 
The user may be unaware and attempt to apply acoustic or 
electroacoustic theories to Systems for which they are not 
valid. For example a dispersion of hollow glass spheres are 
clearly not homogeneous particles. 
The Suitability of the model dispersion is somewhat less 

of a problem for dilute systems since there is less likelihood 
of flocculation or Structure although the requirements for 
Sphericity, homogeneity, and a Newtonian media Still exist. 
Partly for this reason, and more likely because the theory is 
much simpler, acoustic theory has been developed initially 
only for dilute dispersed Systems. 

However, all of these theories are valid only for dilute 
Systems because they neglect both hydrodynamic and ther 
modynamic particle-particle interaction. These theories 
require the acoustic field for a Single particle. This field is 
calculated assuming no influence from neighboring par 
ticles. For this reason, the application of the EKAH theory 
for interpreting attenuation Spectra of the concentrated 
systems, as suggested by Alba in the U.S. Pat. No. 5,121,629 
is not justified. He Suggests using EKAH theory in combi 
nation with a multiple Scattering approach. This is not 
adequate because even the multiple Scattering approach 
requires a Single particle acoustic field which is known only 
for a single particle in infinite media. 
The EKAH theory is mathematically quite complex and 

there is no way to generalize it for a concentrated System. 
Fortunately, there is no need to do this. The EKAH theory 
is formulated for a wide frequency range. Instead of cover 
ing the whole frequency range, one can consider two 
extreme cases: the long-wave and Short-wave frequency 
regions. The long-wave region is defined by the condition 
that the wavelength is much larger than the particle size. 
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The present invention is directed to particles Smaller than 
10 microns corresponding to the long-wave region. By 
adopting this restriction, Significant simplifications of the 
mathematics and allows further generalization including 
particle-particle interaction. 
From the uSerS Standpoint, there is a major advantage of 

employing this longwave restriction. The list of the required 
input parameters for characterizing the particles and liquid 
can be significantly shortened for many Systems. In general, 
the ECAH theory requires knowledge of the density, heat 
capacity, heat conductance, and heat expansion for both the 
liquid and particles as well as the Viscosity of the liquid. The 
required list is So long because both hydrodynamic and 
thermodynamic effects must be taken into account to 
describe the Sound propagation through the dispersed SyS 
tem. However, the two effects are additive in the longwave 
region. This opens an opportunity to make further simplifi 
cations taking into account only the dominant effect. For 
instance, hydrodynamic effects are certainly dominant for 
rigid particles with Sufficiently high density contrast. This 
includes a wide range of natural Systems including oxides, 
minerals, pigments, paints, abrasives, ceramics, cement etc. 
Thermodynamic effects are negligible for acoustic charac 
terization of these Systems which then eliminates the neces 
sity for knowing the thermodynamic properties for these 
Systems. Acoustic characterization of these Systems within 
the longwave region requires only knowledge of density and 
Viscosity. The longwave restriction also makes it possible to 
use a Sound Speed theory in the concentrated System. 

ELECTROACOUSTICS Background 
There are two different approaches to electroacoustic 

measurements. The first approach employs an electric field 
to cause the particles to move relative to the liquid. This 
particle motion generates an ultrasound Signal which can be 
measured. This approach is referred to as ElectroSonic 
Amplitude (ESA) approach. The ESA approach is more fully 
described in U.S. Pat. No. 4,497,208 No. 5,059,909 No. 
5.245,290. 

The Second approach is the reverse of the first one: an 
ultrasound wave makes the particles move and a resultant 
electric Signal is measured. The electric Signal can be 
expressed as either a Colloid Vibration Potential (CVP) or 
Colloid Vibration Current (CVI) depending on whether one 
measures the open circuit Voltage or the Short circuit current 
between two suitable electrodes. The CVI mode is prefer 
able because it eliminates the need to measure the complex 
conductivity in order to calculate the desired potential. 
This approach is described in the U.S. Pat. Nos. 4,907,453, 
and 5,245,290. 
The CVI mode is also more attractive because it allows 

one to Simplify the hardware and perform measurement in 
the small volumes. This advantage of the CVI measurement 
is not used in the U.S. Pat. Nos. 4,497,208, 5,059,909, or 
5.245,290 because these patents are devoted mostly to the 
ESA measurement. An instrument for exclusive CVI mea 
Surement can be simplified by using a special antenna which 
measures CVI locally but not across the whole sample. 

Another important feature of the CVI measurement is the 
use of a pulse technique that distinguishes it from the art 
described in the U.S. Pat. No. 4,907,453 in which a con 
tinuos wave technique is described. 

The Electroacoustic Signal contains, in principle, infor 
mation about both particle size and Zeta potential. U.S. Pat. 
No. 5,059,909 suggests the use of such electroacoustic 
measurements at multiple frequencies for characterizing 
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6 
both parameters. However, there appears to be Some penalty 
in trying to extract too much information from these elec 
troacoustic measurements. Since both particle size and Zeta 
potential are computed from the Same Set of data one would 
expect certain croSS coupling in the Sense that any error, for 
example, in the model relating to the electrokinetic proper 
ties would effect the calculated particle size. In addition, 
relying exclusively on the electroacoustic method would not 
provide any size information for uncharged particles or for 
particles in Very high ionic Strength media 
The largest problem with the Electroacoustics approach as 

compared to the Combined Spectroscopy approach is the 
lack of any electroacoustic theory which provides relation 
ships between the electroacoustic signal and the PSD in a 
concentrated system. U.S. Pat. No. 4,497,208 No. 5,059,909 
No. 5,245,290 claim to characterize PSD and in a con 
centrated System but they give no theory which is valid 
above 5 volume 96. There is no description or teaching in 
any of those patents of a means by which this claim can be 
Substantiated. 

A better approach to characterizing these two parameters 
is to use Combined Acoustic and Electroacoustic Spectros 
copy in which acoustics is used for PSD characterization and 
Electroacoustics is used only for potential. The present 
invention utilizes this combined approach in combination 
with other inventive features set forth below. 

In contrast to the Electroacoustic approach which makes 
no claim to have Suitable integrated theory for either particle 
Size or Zeta potential in concentrates, the current invention 
employs acoustic theory which is applicable for calculating 
particle size up to 50% by Volume and a separate electroa 
coustic theory for calculating potential in concentrates 
from CVI measurements. 

SUMMARY OF THE INVENTION 

This invention combines acoustic and electroacoustics 
Spectrometers. These two spectrometers can be Supplied as 
two more or leSS independent Sensors combined in a Single 
instrument. 

The Acoustic Sensor has identical transmitting and receiv 
ing piezoelectric transducers Separated by a variable motor 
controlled gap. The Electroacoustic Sensor consists of a third 
piezoelectric transducer Serving as transmitting transducer 
of ultrasound pulses and an electroacoustic antenna receiver 
Separated by a fixed gap. 
The combined Sensor has a Single piezoelectric transducer 

Serving as both the transmitter and receiver of the ultrasound 
pulses and an electroacoustic antenna receiver Separated by 
a variable motor controlled gap. The use of a Single trans 
ducer for the acoustic measurement is made possible by 
using the reflected Signal from the face of the antenna and 
measuring the round trip attenuation. 
The Acoustic spectrometer measures the attenuation spec 

tra using a pulse technique with variable gap between the 
transducers. It also measures the group Sound Speed at a 
Selected frequency using time of flight measurement and 
adjusts the timing of the attenuation measurement for the 
actual Sound Speed in the Sample. It also provides data of the 
phase Sound Speed by measuring the Sound phase. 
The measured Sound Speed is used to test the Suitability of 

the model dispersion which is used as the basis for the 
calculation of both the particle size distribution and the 
C-potential. 
The Acoustic attenuation spectra is used for calculating 

the particle size distribution. Three different model distri 
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butions (monodisperse, modified lognormal and bimodal) 
are evaluated to test which one gives the best fit to the 
measured data. The theoretical attenuation is calculated 
using the attenuation theory and one of the model PSD 
distributions. The best fit is determined for each PSD model 
by searching for that PSD which minimizes the "error” 
between the theoretical attenuation and the experimental 
data. It is shown in this patent that different definitions of the 
"error” can provide certain performance improvements, 
particularly in difficult cases when the real world dispersion 
does not conform well to model dispersion used for devel 
oping the theory. The final PSD is then selected based on an 
evaluation of the fitting errors for all of the model distribu 
tions considered. 

The Electroacoustic Spectrometer measures the amplitude 
and phase of the Colloid Vibration Current at one or at 
multiple frequencies. The CVI at one frequency is used for 
calculating the -potential. The phase Sound speed measured 
with the acoustic Spectrometer is used to correcting the CVI 
phase, whereas the attenuation measured at this frequency 
provides correction for the CVI amplitude. The best particle 
Size distribution calculated from the attenuation spectra is 
used for calculating the inertia effect and the effect 
particle-particle interactions. 

Multiple frequency electroacoustic spectra is used for 
testing consistency between acoustic and electroacoustic 
measurementS. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG.1. Block diagram of two embodiments of the present 
invention. 

FIG. 2. Sound speed measured for alumina AKP-30 for 
Versus weight fraction and calculated following Wood equa 
tion (2). 

FIG. 3. Errors of theoretical fitting attenuation spectra 
measured for rutile 7% v1 and alumina 4% vlachieved with 
lognormal and bimodal distributions for the different pH. 

FIG. 4. Titration -potential curves for rutile 7% v1 and 
alumina 4% v1. 

FIG. 5. Attenuation spectra measured for alumina Sumi 
tomo AKP-15 at volume fractions 5% v1, 10% v1 and 15% 
v1. Measurement at 15% v1 was repeated 10 times. 

FIG. 6. Particle size distributions standard and measured 
acoustically for silica quartz BCR at 11 % wt in ethanol. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention is directed to a novel combination 
of Acoustic and Electroacoustic Spectroscopies. The present 
invention comprises various improvements in the hardware 
design, measurement techniques, prediction theory, and 
analysis. AS is well known to those of ordinary skill in the 
art, the combination of Acoustic and Electroacoustic Spec 
troScopy provides a Synergistic effect. One aspect of this 
Synergy is the calculation of potential from an Electroa 
coustic Signal using the particle Size calculated from the 
Acoustic attenuation spectra. The present invention is 
directed to other aspects of this Synergy which apply to both 
the measurement itself as well as the analysis of the data. 

Hardware Design 
The idea of Synergism between Acoustic and Electroa 

coustic Spectroscopies is accomplished in the instruments 
known commercially as the Acoustic and Electroacoustic 
Spectrometer. There are commercially available models of 
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8 
these spectrometers. For example, Dispersion Technology, 
Inc. manufactures an acoustic Sensor, model DT-1200 and a 
combined acoustic and electroacoustic Sensor model 
DT-3000 respectively. FIG. 1 illustrates a block diagram of 
the two instruments. 

As illustrated in FIG. 1, the overall system 100 is com 
prised of two units. The first is the measuring unit 101. The 
Second is the electronics units 102. 
The measuring unit 101 comprises a measuring chamber 

1, interface electronics 2, and optionally a plurality of 
burettes 3. The burettes 3 are used for dispensing reagents 
into the measuring chamber 1. The burettes are connected to 
a dispensing probe 13 for the actual injection of the reagents 
into the test Sample. A Stirring motor 4 is magnetically 
coupled to a stir bar 5 that is located on the inside of the 
measuring chamber 1. When activated by the stirring motor 
4, the Stir bar 5 rotates and keeps the Sample in the 
measuring chamber 1 mixed and aids in the distribution of 
the reagents added to the Sample through the burettes 3. A 
bypass tube 6 fluidly connects the bottom and top of the 
measuring chamber 1. The centrifugal force created by the 
rotation of the Stir bar 5 causes the Sample to be pumped 
from the bottom to the top of the measuring chamber 1 
through the bypass tube 6. The bypass tube 6 further 
comprises a tee fitting 7, a short piece of additional tubing 
99 and a pinchclamp 8. The measuring chamber 1 can be 
drained through additional tubing 99 be opening the pinch 
clamp 8. 
The measuring chamber 1 also comprises a conventional 

temperature probe 9 and pH probe 10. The temperature 
probe 9 and pH probe 10 are electrically connected to 
conventional electronicS 11 and then to Analog/Digital 
coverter 12. In this way, the actual temperature and pH of the 
test Sample is recorded. The measuring chamber 1 can also 
optionally be provided with Sensors for measuring Sound 
attenuation, Colloid Vibration Current (CVI), and the con 
ductivity of the Sample. 
The acoustic attenuation Sensor comprises a fixed trans 

ducer 14, a moveable transducer 15 and a stepping motor 16. 
The stepping motor 16 controls the moveable transducer 15. 
The CVI Sensor comprises a fixed acoustic transmitting 
transducer 17 and a receiving antenna 18. The conductivity 
sensor 19 comprises two electrodes 19a and 19b for mea 
Suring electrical conductivity. Each of the sensors 14, 17 and 
19 require an electrical excitation for proper operation. The 
excitation is provided by a dedicated channel of the output 
multiplexor 119. Likewise, each of the sensors 15, 18, and 
19 generates an electrical Signal that is routed to a dedicated 
channel of the input multiplexor 20. 
A Measuring Unit Synthesizer 21 is also provided. The 

synthesizer 21 provides an RF signal that is converted by a 
gated mixer 22 to a Source of pulsed RF by using timing 
waveforms supplied by the Field Programmable Gate Array 
FPGA37. An RF power amplifier 24 is provided to amplify 
the RF signals to a level of 1 W. A reference channel 25 is 
also provided to allow for calibration of the unit. 
The stepping motor 16 is driven by a motor drive 37. A 

conventional motor control board 26 controls the motor 
drive 23. The control board 26 is adapted to be received in 
a standard ISA computer bus 27. 
A signal processor card 28 is also received in the com 

puter buS 27. The Signal processor card 28 comprises an 
input 38 that receives an output signal from the receiver 20. 
The signal processor card 28 further comprises an RF 
amplifier 29, a precise digital attenuator 30, a gated amplifier 
31, a first mixer 32, an RF filter 33, a quadrature mixer 34, 
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a high speed dual A/D converter 35, a Digital Signal 
Processor chip 36 for accumulating a large number of pulses 
and calculating necessary Statistics, an FPGA 37 for gener 
ating the required gating signals, and a high Speed dual 
Synthesizer 21 for generating the RF signals required. 

The device of the present invention contains independent 
acoustic and electroacoustic Sensors. The acoustic Sensor of 
the present invention is Similar to the variable gap Sensors 
known to those of ordinary skill in the art. It consists of the 
two pieSo-electric transducers 14 & 15, exposed to the 
Sample chamber from the opposite walls. The gap between 
face of the two transducers can be adjusted by means of the 
stepping motor 16 over a range from 0.15 to 20 millimeters. 
Commercially available Panametrics wide band transducers 
with a resonant frequency of 30 Mhz are typically used. The 
electroacoustic Sensor consists of an acoustic transmitting 
transducer with a critical frequency 10 Mhz and an elec 
troacoustic antenna 18. 

The design of the electroacoustic antenna 18 is novel in 
Several respects. The antenna 18 consists of two coaxial 
electrodes 18a and 18b separated with a non-conducting 
rigid ceramic insert 18c. Internal electric impedance 
between the two electrodes 18a and 18b can be selected by 
means of an internal transformer depending on the conduc 
tivity range of the Sample in the measuring chamber 1. The 
transformer is Selected Such that the input impedance is 
Significantly less than the external impedance of the sample. 
The resultant Signal is, thus, proportional to the short circuit 
current. This transformer is located just behind the central 
electrode 18a in order to minimize any Stray capacitance. 

The construction method and geometry of this receiving 
transducer is novel and addressed Several problems known 
in the art. For example, those of ordinary skill have expe 
rienced problem of an artifact in measuring colloid vibration 
potentials when either electrode is in contact with dissimilar 
material and at the same time exposed to the acoustic field. 
Such artifacts present difficulties particularly for Samples 
having a low particle concentration or a low-density con 
trast. In the present invention, a potential Source of Such an 
artifact arises at the boundary between the inner electrode 
and the ceramic spacer and again at the interface between the 
outer electrode and this Same Spacer. The artifact is elimi 
nated by the following two rules. One, the inner and outer 
electrodes 18a and 18b must be made from the exactly the 
Same material and the Surface chemistry of both Surfaces 
must remain identical with time. Two, the Sound field must 
be identical at both boundaries between the electrode and the 
insulating layer. By following these two rules, any artifact at 
one electrode boundary is canceled by the other. 
One way to implement these rules is to make the annular 

spacer 18c quite thin. In this way, the outer diameter d1 of 
the inner electrode 18a is just slightly smaller than the inner 
diameter d2 of the outer electrode 18b. If the difference 
between d1 and d2 is Small, the Sound field will be almost 
the same at both boundaries. The question remains as to 
diameter d1 for the inner electrode 18a in relation to the 
sound intensity pattern of the transmitter. If the diameter d1 
of the inner electrode 18a is much larger than the main lobe 
of the acoustic intensity, then the CVI signal generated at the 
middle of the central electrode 18a will be partially shunted 
by the portion of the electrode 18b which is not acoustically 
excited. The artifact is eliminated in this case because the 
Sound intensity at these interfaces is Zero. However, the 
desired CVI Signal is unnecessary attenuated. 

Conversely, if the central electrode 18a subtends only a 
Small portion of the main lobe of the acoustic transmitter 
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pattern, then only a Small portion of the potential CVI signal 
is intercepted and the electrode boundaries receive a maxi 
mum acoustic energy So that any imbalance in the Surface 
properties will result in an unwanted artifact. Clearly, the 
best geometry lies. Somewhere in between. In the present 
invention, it is preferred that a central electrode whose outer 
edge is located at 30% point on the acoustic intensity pattern 
is a reasonable operating point, although this may not be 
quite optimum. In addition, it is preferred that inner and 
outer electrodes 18a and 18b be constructed from 316 
Stainless Steel providing that both the inner and Outer elec 
trodes 18a and 18b are made from the same piece of the raw 
material. It is anticipated that gold will perform better than 
316 stainless Steel but has not been used. The ceramic spacer 
18c is made from a polyamide resin Such as Vespel which is 
manufactured by DuPont. The pieces are press fit together 
using cyanoacrylic cement as a Sealant and then optically 
polished. The quality of the final product is tested by 
measuring the background signal in 0.01 M KCl. Ideally the 
Signal in KCl should be Zero Since the ion vibration Signal 
for this particular pair of ions is essentially Zero. 
The transmitting transducer 17 and the receiving antenna 

18 are mounted in the opposite walls of the measuring 
chamber 1. In the configuration of the present embodiment, 
the gap between the faces is 5 millimeters. 
The design of the present invention provides great flex 

ibility for the user Since the acoustic Sensor and the elec 
troacoustic Sensor can be used either individually or in 
conjunction with the other. If both are used in conjunction, 
a Sample of approximately 100 ml is required. If only one of 
the two Sensors are used, the Sample Volume can be reduced 
to as little as 30 ml. This sample volume is much less than 
is required for prior instruments. 
An alternative embodiment of the present invention is to 

combine the Acoustic and Electroacoustic Sensors together 
in one hardware block. This sensor block is somewhat 
Similar to the acoustic Sensor described above except that an 
electroacoustic antenna 18 replaces the acoustic receiver 15. 
The gap between transducer and antenna is adjusted by 
means of the Stepping motor 16. The combined Sensor can 
measure both acoustic and electroacoustic parameters using 
only one instead of three Sound transducers. Operation of 
this combined Sensor is more complicated because the Single 
Sound transducer must perform the functions of both trans 
mitter and receiver. 
The electronics of both of the above described instru 

ments consists of two special purpose boards: the Signal 
Processor and Interface. The Signal Processor board is 
adapted for plug-in use in a personal computer which using 
Windows-95 based Software for the user interface. The 
personal computer further comprises a conventional Data 
Acquisition card, a motor control card and display adapter 
card for the monitor. 

Measurement Technique 
The operating program of the acoustic Sensor of the 

present invention is quite different than available acoustic 
Sensors. The instrument of the present invention is directed 
to creating Synergy between the attenuation and Sound Speed 
measurement. Errors in Sound Speed lead to errors in the 
attenuation measurement because the received pulse is 
Sampled at the wrong moment in time. This causes exceSS 
attenuation especially at the low end of the frequency range. 

Attenuation data is also necessary for accurate Sound 
Speed measurement in concentrated Systems. In concen 
trated Systems, the Sound Speed can only be measured for 
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certain gaps for which the attenuation is not So high as to 
preclude adequate Signal to noise ratio The acoustic Sensor 
of the present invention measures both Sound Speed and 
attenuation at multiple frequencies using pulse techniques. 
The acoustic Sensor measurements are made using a 

defined grid consisting of a number of frequencies and a 
number of gaps. Typically 18 frequencies are Selected 
between 1 and 100 MHz in logarithmic steps and 21 gaps 
between 0.15 to 20 mm also in logarithmic steps. These 
conditions may be modified automatically by the program 
depending on apriori knowledge of the Sample or manually 
by one of ordinary skill in the art. 

The FPGA 37 generates the transmit gate which, in turn, 
defines a 1 Watt pulse generated in the Interface module. In 
addition, the Signals necessary to Set the frequency to any 
point on the grid are also generated. At the beginning of the 
each measurement, a transmit multiplexor 119 routes the 
pulses to a fixed 40 dB reference attenuator 25 and similarly, 
the receiver multiplexer 20 routes the output of this attenu 
ator to the input 38 of the signal processor. Since the 
precision attenuator has a known response over the entire 
frequency range, this Step allows other losses to be charac 
terized in the measuring circuits at each frequency. 

The next Step in the measurement is to determine the 
losses in the acoustic Sensor 14 for each point on the 
measurement grid. The FPGA 37 commands the transmit 
and received multiplexors 119 & 20 via control signals to 
Substitute the acoustic sensor 206 for the reference attenu 
ator 25. The 1 watt pulses are Sent to the transmitting 
transducer 14 where a piezoelectric crystal 202 converts 
these electric pulses to Sound pulses. The Sound pulses 
propagate through the quartz delay rods 203, pass through 
the gap 200 between the transducers 14 & 15 which is filled 
with the dispersion under test, enter an identical quartz, rod 
204 associated with the receiving transducer 15, are con 
verted back to an electrical Signal in the receiving transducer 
15 and finally are routed through the receiving multiplexor 
20 to the input signal port 38 on the Signal Processor 28 
where the Signal level of the acoustic Sensor output is 
measured. For each point on the grid, the DSP36 collect data 
on a minimum of 800 pulses but the number of pulses which 
are collected will automatically increase as necessary to 
obtain a target Signal to noise ratio. Typically the target is Set 
for a signal to noise ratio of 40 dB which means that the 
received signal power will be 10,000 times the noise power. 
This is usually more than Sufficient to insure quality acoustic 
Spectra. Those of ordinary skill in the art can tailor the 
measurement parameters to provide the proper trade-offs 
between measuring Speed and precision. 

Comparison of the amplitude and phase of the acoustic 
Sensor output pulse with that of the reference channel output 
pulse allows the program to calculate precisely the overall 
loSS in the acoustic Sensor at each frequency and gap 200. 

The acoustic Sensor loSS nominally increases linearly with 
the gap 200. A regression of the acoustic Sensor loSS with gap 
yields the attenuation of the dispersion in terms of dB/cm. 
Since in general the attenuation for most materials, even 
water, increases Strongly with frequency, it is conventional 
to divide the above attenuation by frequency in MHZ so that 
the final output is expressed in dB/cm Mhz. 

The above regression analysis provides not only the slope 
of the Sensor loSS from which we compute attenuation, but 
also an intercept corresponding to the Sensor loSS at Zero 
gap. Since the loSS in the Sample by definition is Zero for 
Zero gap, this intercept provides a measure of all other losses 
in the acoustic Sensor. These losses are lumped together and 
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referred to as the “transducer loss” and include the loss in 
converting the electrical pulse to acoustic energy in the 
transmitting transducer 14, reflection losses at various 
interfaces, and the loSS in converting the acoustic energy 
received by the receiving transducer 15 back to an electrical 
Signal. Although the transducer losses are not necessary for 
the calculation of the attenuation, it provides a good integrity 
check on the System performance and allows any degrada 
tion in the Sensors to be detected long before any loSS in 
System performance is measurable. 
The number of pulses collected for each frequency and 

gap on this grid is automatically adjusted to obtain a target 
Signal-to-noise ratio. The RF pulse processed in the Signal 
Processor 28 exhibits a bell shaped response. For maximum 
accuracy the amplitude must be measured at the peak of this 
curve. For Small gaps, A/D 35 Samples the pulses at a 
moment calculated using the theoretical Sound Speed. For 
larger gaps an optimum pulse arrival time is determined for 
at least one Selected frequency by making a few additional 
measurements at time intervals slightly Shorter and longer 
than the nominal value. The optimum time of arrival is 
computed by fitting a polynomial curve to the few points 
measured on this bell shaped response. This procedure 
typically provides a precision of a few nanoSeconds in the 
computation of the optimum arrival time. The measured 
error in arrival time for this frequency and gap is accumu 
lated with each increasing gap. For each Subsequent point on 
the grid, the Signal is Sampled at a time interval which is the 
Sum of the time calculated from the theoretical Sound Speed 
and the last updated value for the cumulative error in arrival 
time 

A regression analysis of the optimum arrival time with 
gap provides an accurate measure of the group Sound speed. 
This procedure of the time of flight adjustment achieves two 
goals. First, it eliminates the possible artifact in attenuation 
measurement, Second, it provides the group Sound Speed 
measurement. This Sound Speed measurement is much more 
reliable than for one fixed gap because it is made at Several 
gaps with averaging. Attenuation of Sound makes measure 
ment of the time of flight leSS accurate at the larger gaps 
where intensity of the arriving Signal is low. In order to 
improve the Sound Speed measurement program Selects only 
those gaps where attenuation of Sound is still Sufficiently 
low. This method makes possible to measure group Sound 
Speed at much wider dynamic range comparing to the fixed 
gap technique. 
Sound Speed measurement is even more important in an 

embodiment where a single transducer must perform both 
functions of transmitter and receiver. Information of the 
Sound Speed or the time of flight must be very accurate in 
order to Switch transducer functions. Acoustic measurement 
is almost identical for this instrument because the arriving 
pulse is a reflection of the transmitted pulse from the Surface 
of electroacoustic antenna. Consequently, the time of flight 
is twice longer in this case. An appropriate correction for 
acoustic impedance is required when the balance of the 
acoustic energy is calculated. 
Sound Speed data is also required for electroacoustic 

measurement. However, it is the phase Sound Speed which is 
required in this case. Thus, in addition to the described time 
of flight measurement, the phase of the acoustic Signal is 
measured as well. The phase of the acoustic Signal provides 
information for determining the phase Sound Speed that is, in 
turn, used further for correcting CVI phase. 

Electroacoustic measurement can be done with either 
fixed gap or variable gap embodiments described above. In 
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contrast with acoustic measurement, variable gap provides 
no advantage for electroacoustic measurement. In any event, 
electroacoustic measurement requires calibration of the 
instrument with the known colloid. 

Electroacoustic measurement can be performed either for 
one frequency or for the chosen Set of frequencies from 1 to 
100 MHz. One frequency measurement is sufficient for 
calculating potential if particle size and Sound attenuation 
are both known. Multiple frequency measurement is used 
for various consistency tests as described below. 

The electroacoustic measurement is similar to the acoustic 
measurement. The Signal processor 28 generates electric 
pulses of the certain frequency and length. A piezoelectric 
crystal 208 in acoustic transducer 17 converts these pulses to 
the Sound pulses with Some certain efficiency. The value of 
this efficiency is not important in this case because the 
absolute acoustic power in the Sample is calibrated with the 
known colloid. 
A Sound pulse will then propagate through the quartz 

delay rod 209 and partially reflects from the delay rod 
surface 210 which is contacting the sample. The other part 
of the pulse propagates through the Sample. The portion of 
the acoustic energy which is lost in the reflected part of the 
pulse can be calculated using ration of the acoustic imped 
ance of the delay rod 209 and of the sample. The acoustic 
impedance of the sample is determined by the Sound Speed. 
That is the first Sound Speed correction during electroacous 
tic measurement. 
An acoustic pulse propagating through the Sample excites 

particles and disturbs their double layers. The particles will 
gain dipole moments because of this excitation. These dipole 
moments generate electric field. This electric field changes 
the electric potential of the central electrode 18a of the 
electroacoustic antenna 18. The difference of the electric 
potentials between central electrode 18a and external refer 
ence electrode 18b will cause electric current. This current 
is registered as Colloid Vibration Current. 

The value of this current is very weak and requires 
averaging of over at least 800 pulses in order to achieve in 
appropriately high Signal to noise ratio. The number of 
pulses depends on the properties of colloid. The measure 
ment of CVI in low conducting oil based Systems requires 
averaging of millions pulses. In principle, this method 
makes it possible to measure any low energy Signals. 

Both the magnitude and phase of the Colloid Vibration 
Current are necessary for the complete potential charac 
terization. The phase measurement requires again informa 
tion of the phase Sound Speed. This is another point of the 
Synergism between acoustic and electroacoustic measure 
mentS. 

Electroacoustic measurement performed with variable 
gap as described herein provides another advantage. This 
method provides an independent test of the acoustic and 
electroacoustic measurement consistency. The electroacous 
tic Signal will decay with increasing gap because of the 
Sound attenuation. It means that measurement of CVI Versus 
gap for the Set of frequencies gives independent information 
about Sound attenuation coefficient. This electroacoustically 
measured attenuation coefficient can be compared with 
attenuation measured with acoustic Sensor. Correlation 
between these two attenuation Spectra is a measure of the 
consistency between acoustic and electroacoustic measure 
mentS. 

Prediction Theory 
AS it is known to those skill in the art, Combined Acoustic 

and Electroacoustic Spectroscopy, the attenuation Spectra 
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provides information for the particle size calculation, 
whereas the CVI measurement provides the data for the 
potential calculation. The first Step in these calculations is 
the development of an adequate and realistic model for 
describing the real dispersed System. The presently available 
model assumes the System can be described as an assembly 
of Separate Spherical homogeneous particles in a Newtonian 
media. In this model "Separate” means that there is no 
Structure connecting particles. The Spherical assumption is 
reasonable because particles with an aspect of as much as 
5:1 Seem to fit the model quite adequately. Homogeneous 
refers to the assumption that each particle has the same 
properties from the Surface to the center. 

Generally, the following Set of physical-chemical material 
properties for both the particles as well as the liquid must be 
known: the density (p), Viscosity (m), Sound speed (c), 
intrinsic attenuation (C), thermal expansion (B), thermal 
conductance (k), thermal capacity (c) must be known. 
Depending on the values of Some properties, the values of 
others may not required in Some cases. 

There are no objective criteria for automatically deter 
mining the adequacy of the model known to those of 
ordinary skill in the art. It is clear that Such a test is very 
important. A mistaken choice of the model System can cause 
enormous errors in the particle Size and Zeta potential. The 
test of the model is especially important for concentrated 
systems which are often structured. The test should be 
independent of the particle size and Zeta potential. The 
present invention is directed to using the deviation between 
the measured and predicted Sound Speed as an objective 
criteria to determine the accuracy of the model. In concen 
trated Systems, the Sound Speed is not constant but is a 
function of frequency. The Sound speed asymptotically 
approaches a low frequency (relaxed) limit and a high 
frequency (frozen) limit. These asymptotic Sound speeds are 
independent of the particle size, they depend only on the 
material properties of the particles and the media and the 
Volume fraction. 
The general theory of the So-called equilibrium Sound 

Speed has recently been developed prior to the present 
invention. Accordingly, the low frequency relaxed Sound 
Speed equals 

cit (1) 
c2(0) 

1 - is, pfc fyf (1 - by + (b.f3, f f3F) 
1 - is, + cj, -- - 1)-- - * -- ", ,-0, -11. , in 

where indexes f and p correspond to the fluid and particle, 
Y is a specific heat ratio, p, is a Volume fraction, C is a mass 
loading, (p=C/(1+C). 

Equation (1) results in the relaxed Sound speed for elastic 
particles. In the case of the rigid Solid particles Equation (1) 
can be simplified because the Specific heat ratio of the 
liquids is very close to 1. By incorporating this 
Simplification, the So-called Wood Sound Speed results as 
follows: 

(2) 2 
Cf 
c2(0) 

= (1-(b)(1 + C) 

According to this expression the low frequency Sound 
Speed of a dispersion of rigid particles depends only on the 
density and weight fraction. AS illustrated in FIG. 2, a 
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dilution experiment performed with alumina AKP-30 con 
firms the validity of Wood expression for rigid particles. 
A deviation in the measured low or high frequency Sound 

Speed from the corresponding calculated value is an indica 
tion that the model may not be adequate to describe the 
dispersed System due to one of the following reasons: (I) 
either the assumption of the dispersed particles being Sepa 
rate is not valid, (II) or that the stated properties of the 
disperse phase or media are incorrect. 

The estimated particle size distribution is calculated 
according to methods known to those of ordinary skill in the 
art. 

There are Several methods to check the consistency of the 
calculated particle size. One method is related to Sound 
Speed. According to this method, one can calculate Sound 
Speed for the given particle size distribution at any fre 
quency and Volume fraction for dispersions with high den 
sity contrast, like ceramics, oxides, pigments etc. This 
theoretical Sound Speed can be compared with experimen 
tally measured phase Sound Speed. 

Another consistency test is based on the general relation 
ship between group Sound Speed and phase Sound Speed as 
follows: 

( (1) (3) Cg Cph caf 

where: c and c, are group and phase Sound Speed 
correspondingly, f is a frequency, derivative is taken at the 
frequency of measurement. 
The sound speed derivative in the Equation (3) can be 

calculated using theoretical values for the Sound Speed for 
the best particle size distribution. Substitution of this theo 
retically calculated derivative into the Equation (3) must 
reconcile experimental values of the group Sound Speed and 
phase Sound Speed. 

Calculation of the -potential from the measured CVI 
value requires theory describing electroacoustic phenomena 
in concentrated dispersed System. This theory must take into 
account particle-particle interaction as well as interaction 
of the particles with the Solid Surface of the electroacoustic 
antenna. One Such theory takes into account particle 
particle interaction as well as inertia related effects using cell 
model. We use a simplified version of the cell model theory 
which is valid for large ya (X' is a double layer thickness) 
and a low Surface conductivity. 

Electroacoustic theory must take into account interaction 
of the particles with antenna Surface in addition to the 
particle-particle interaction. This interaction is referred to 
as the backflow effect. In the case of the constant electric 
field corresponding to the microelectrophoresis this effect 
brings multiplier (1-p) into the equation for electrophoretic 
mobility. 

Analysis for Combined Spectroscopy 
An Analysis Engine is essentially a set of algorithms 

implemented in a computer program which calculates the 
desired characteristics from the measured data using the 
knowledge contained in the prediction theory. The analysis 
can be thought of as the opposite or inverse of prediction. 
Prediction describes Some of the measured properties in 
terms of the model dispersion. The analysis, given only the 
values for Some of the model parameters, attempts to cal 
culate Some of the remaining properties by an analysis of the 
measured data. 

In general the calculation of the particle size distribution 
or the Zeta potential is performed by adjusting the estimate 
of the particle size parameters or the Zeta potential until the 
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error between the values of the measured properties and 
those Same properties calculated from the prediction theory 
using this estimate is minimized. The adjustments may be 
global, that is over the whole range for which the instrument 
is designed, or local about Some preset value. 

This calculation is a combination of the global and local 
Searches with particle size distributions with pre-defined 
shape. The three different distributions are tested in turn: 
monodisperse, lognormal and bimodal. The Search for the 
best monodisperse PSD is global, in the sense that particles 
sizes from 10 nm to 30 microns are tested with a certain 
logarithmic Step. The best monodisperse Solution is used as 
a Starting point for the lognormal Search. This Search is 
initially global for PSD standard deviation with further local 
adjustment. 

In the general case there are two local minimums of the 
error function for the log.normal PSD. This is because the 
attenuation spectra of very large particles is quite Similar to 
that for very Small particles. The Viscous losses component 
for the Small particles appears quite Similar to the Scattering 
loSS for large particles. For this reason, a global Search for 
the best solution is very important. The best log.normal PSD 
is used as initial Starting point for a bimodal Search. 
The reliability of the particle size distribution is charac 

terized with errors of theoretical fit to experimentally mea 
Sured attenuation spectra. This error analysis makes it pos 
sible to chose the most probable PSD. 

Error analysis is especially important for characterizing 
non-stable systems. FIG. 4 shows theoretical fit errors for 
alumina (4% vl) and rutile (7% vl) dispersions for various 
pH. Corresponding-potential titration curves are shown on 
FIG. 3. These fitting errors indicate that log.normal PSD fails 
to fit experiment near isoelectric point. The bimodal PSD 
analysis properly characterizes the aggregation phenomena 
near the isoelectric point. 
The best particle size distribution as well as measured 

attenuation and Sound Speed are used for calculating 
-potential from CVI. A sound pulse will attenuate as it 

propagates through the Sample towards antenna 18 where it 
generates the measured CVI. The value of CVI is propor 
tional to the sound intensity near the antenna 18. This value 
of the Sound intensity at the CVI sensor is different than the 
initial Sound intensity due to the attenuation of the pulse. The 
attenuation determined from the acoustic Sensor is used to 
make this intensity correction in the CVI measurement. 

This Sound Speed correction is important for correcting 
the phase of the CVI. The result of this correction is the 
phase Sound Speed. The phase Sound Speed is either mea 
Sured independently or calculated from the group Sound 
Speed using the best particle size distribution. The required 
accuracy of the CVI phase measurement is not as rigorous 
in comparison to other methods known in the art as are 
described in U.S. Pat. Nos. 5,245,290 and 5,059,909. This 
phase information is used only for determining the Sign of 
C-potential, while in these prior art methods it is used as a 
Source of PSD data. 
AS is known to those of ordinary skill in the art, the 

conventional rule relating CVI phase with the sign of is as 
follows. A particle is negatively charged (<0) if CVI phase 
is more than 90 and less than 270. For other phases, the 
particle is positively charged (>0). 
The allowed error in the CVI phase measurement is about 

90. However, in the many cases, the error can exceed 90 
if Sound Speed is wrong. Accurate measurement of the Sound 
Speed with an acoustic Sensor is essential for correct deter 
mining the Sign of the particles charge. 
The last Step of calculations is a test of consistency 

between acoustic and electroacoustic measurements. Par 
ticle size known from acoustics and -potential known from 
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the Single frequency electroacoustic measurement makes it 
possible to calculate the multifrequency electroacoustic 
Spectra. Comparison of this theoretical electroacoustic Spec 
tra with experimentally measured one is a criterion of the 
consistency. The match between theory and experiment 
indicates consistent and reliable particles characterization. 

Precision and Accuracy 
AS used herein, precision is a measure of the reproduc 

ibility of output from the Sensors for a given Sample. This 
Section presents results concerning precision of the both 
Acoustic and Electroacoustic Sensors. 

This reproducibility test was made with alumina Sumi 
tomo AKP15 at pH=4 and volume fraction 15%. Measure 
ment was repeated 10 times. FIG. 5 illustrates attenuation 
Spectra corresponding to the measurements. Colloid Vibra 
tion Current was measured together with attenuation. The 
corresponding median particle size, Standard deviation and 
Zeta potential are shown in Table 1. 
As illustrated in Table 1, the variation of the median 

particle size is 0.4% whereas variation of the -potential is 
1%. This numbers illustrate precision of the Acoustic and 
Electroacoustic Sensors in the present invention. 
AS used herein, accuracy is a measure of the correlation 

between real and measured values. The accuracy of the PSD 
measurement is a measure of adequacy of the measured 
particle size distribution. In order to determine accuracy of 
the PSD measurement, a standard system with a known 
particle size distribution is required. The present invention 
utilizes a BCR Silica quartz with the median size about 3 
microns. The BCR silica quartz is the German PSD standard. 

FIG. 6 illustrates the standard particle size distribution 
and PSD measured with the acoustic sensor of the present 
invention. The difference of the median particle size 
between the BCR Silica quartz Standard and acoustic Sensor 
of the present invention is less than 1%. However, there is 
Some difference in the number of Small particles. 
Consequently, the Acoustic Sensor determines median size 
with an accuracy 1% and Standard deviation with an accu 
racy of about 5%. 

Test of the -potential measurement accuracy is much 
more complicated because there is no -potential Standard 
for concentrated Systems. Absence of the electroacoustic 
theory for concentrated Systems creates additional complex 
ity. Our experience is that CVI makes it possible to measure 
with the almost same accuracy as microelectrophoresis. 
Those of ordinary skill in the art will recognize that the 

embodiments just described merely illustrate the principles 
of the present invention. Many modifications may be made 
thereto without departing from the Spirit and Scope of the 
invention as Set forth in the following claims, 

TABLE 1. 

Reproducibility test measurement with alumina AKP-15, 
15% by Volume in KCI 0.001 mol/l with pH = 4. 

Median size Lognormal PSD t 
micron Standard Deviation mV. Measurement date 

O6362 O.2 47.04 “6/3/98 11:54:22 AM 
O.6354 O.2 47.6 “6/3/98 11:44:38 AM 
O.6332 O.21 46.36 “6/3/98 11:35:07 AM 
O.6332 O.2 46.2 “6/3/98 11:25:23 AM 
O6364 O.195 46.94 “6/3/98 11:15:29 AM 
O-6272 O.21 45.51 “6/3/98 11:05:41 AM 
O.6335 O.2 46.7 “6/3/98 10:56:O2 AM 
O.6311 O.21 45.86 “6/3/9810:46:23 AM 
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TABLE 1-continued 

Reproducibility test measurement with alumina AKP-15, 
15% by volume in KCI 0.001 mol/l with pH = 4. 

Median size Lognormal PSD t 
micron Standard Deviation mV. Measurement date 

O.6282 O.2 46.2 “6/3/98 10:36:40 AM 
O.63O3 O.195 46.72 “6/3/9810:26:41 AM 

What is claimed is: 
1. A method for characterizing particle Size distribution 

and -potential using measurement of Sound attenuation 
frequency spectra, Sound-speed, magnitude and phase of a 
Colloid Vibration Current in pure liquids or dispersed sys 
tems comprising a Sound transmitter and a receiver wherein 
there is employed one or more gaps between transmitter and 
receiver and Such method comprises the Steps of the Sound 
transmitter generating a Sound pulse of certain variable 
frequency that will propagate through a test Sample, inter 
acting with it and then being measured by Said receiver and 
compared with the initial pulse for characterizing energy 
loss which depends on the particle size and/or the -potential 
depending on the type of the receiver. 

2. A method for measuring Sound attenuation frequency 
Spectra and Sound-Speed in pure liquids or dispersed Systems 
wherein the receiver of claim 1 is an acoustic receiver 
measuring intensity and phase of the Sound pulse. 

3. A method for measuring the magnitude and phase of the 
Colloid Vibration Current in dispersed systems wherein the 
receiver of claim 1 is an electroacoustic antenna comprising 
two coaxial electrodes measuring current generated by the 
Sound pulse. 

4. The method of claim 2 wherein the number of pulses 
collected is automatically adjusted to obtain a target Signal 
to noise ratio. 

5. The method of claim 2 wherein an uncertainty in the 
pulse arrival time corresponding to an uncertainty in an a 
priori Sound Speed is removed by the additional Step of 
making additional measurements at time delays shorter and 
longer than an expected time delay. 

6. The method of claim 5 comprising the further step of 
performing a linear regression analysis of an optimal pulse 
arrival time verSuS Said gaps is used to compute a group 
Sound Speed for the test Sample. 

7. The method of claim 5 comprising the further step of 
calculating the attenuation spectra of the test Sample by 
linear regression analysis of the acoustic loSS Versus Said 
gaps for a set of Said variable frequencies. 

8. The method of claim 6 comprising the further step of 
calculating the particle size distribution fitting the experi 
mental attenuation spectra with theoretically calculated 
Spectra using a “coupled phase model” and “cell model”. 

9. The method of claim 7 comprising the further step of 
testing the accuracy of the particle Size distribution calcu 
lated from the measured attenuation spectra by comparing 
an experimental Sound Speed with theoretical Sound Speed. 

10. The method of claim 1 comprising the further step of 
calculating the -potential and fitting the experimental Col 
loid Vibration Current spectra with theoretically calculated 
Spectra using a “coupled phase model” and “cell model”. 

11. The method of claim 6 comprising the further step of 
calculating the Volume fraction of the dispersion by fitting 
the experimental Sound Speed with the theoretically calcu 
lated Sound Speed using a “coupled phase model” and “cell 
model”. 


