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• Motivation: 
– Importance of particle size and zeta potential in 

concentrated materials
– Why not dilute?

• Electroacoustic Spectroscopy• Electroacoustic Spectroscopy
– Particle Size and Zeta Potential

• Acoustic Attenuation Spectroscopy
– Particle Size
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Clays, Minerals
& Cement

Pharmaceutical EmulsionsSemiconductor CMP Polishing Slurries
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Materials 
Processed at 

High

Specialty chemicals, inkjet, catalysts, 
fuel cells, colloid & surface chemistry

CeramicsDispersion of 
Nanoparticles

High
Concentration
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• Zeta potential affects 
– colloid stability 
– rheology
– filtration/ dewatering
– and zeta is a measure of the surface chemistry 
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– and zeta is a measure of the surface chemistry 
(eg the type of coating on the particle)
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• Zeta Potential is a Chemical Property
• Dilution can alter the chemical equilibrium 

between the particle and the solution
• Measurements at low particle concentrations 

are sensitive to contaminationare sensitive to contamination
• Dilution is time consuming and frequently 

gives results that do no correlate to process 
conditions
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ZetaProbe 

Features & Benefits

• No sample dilution
samples up to 60% volume

• Patented, multi-frequency
Electroacoustic technology

• Automatic titrations
• Fast, accurate IEP 
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• Fast, accurate IEP 
determinations

• Rugged dip probe sensor
• Easy to clean
• Automatic correction for 

particle size effects
• Bottom axial stirring 

handles high viscosities
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Signal Processing 
Electronics

Titration 
Module

Sample flow loop

AcoustoSizer II 
• Electroacoustic and 

Acoustic Spectroscopy 
Technique 

• 0.015  to 100 micron 
size range

• Concentrations to 40 
volume %

•

���������
��������
� ���������	�
�����������
����	� 8

Module

• Flow-through sensor for 
both lab & on-line 
measurements

• Fully automated 
titrations & IEP 
determination
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Zeta Potential vs pH for 3 Metal Oxides
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Surface can be positively or negatively charged depending on the pH
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The pH were zeta potential 
goes through zero is called 
the Isoelectric PointPoint (IEP) 
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• Zeta potential depends on pH and electrolyte concentration, surfactant 
concentration, contamination on surface...

• Use IEP to verify ceramic powder supplier reproducibility and check for 
contamination

Effect of contamination on
 zeta potential & IEP of Ceria sample s

100

120
Cationic surface contamination 

Clean material
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Zeta Potential vs polyelectrolyte
 concentration for alumina slurry
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Coating Titania with Alumina
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• iep changes with alumina coating; hence, iep can 
be used to monitor surface coating
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• The ESA effect:
Applied AC voltage 
across colloid generates 
soundwaves 

Acoustic
delay line
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soundwaves 
• From ESA soundwaves 

the Dynamic Mobilityof 
the particles is calculated Piezoelectric 

transducer 
measures ESA 
acoustic wave
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Particle velocity V cos(wt-f ))

Dynamic mobility mis complex quantity
mag(m)=V/E, arg(m)=f
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( ) s g pz z
ESA A

r r
w f m

-
=

Instrument
factor

Particle vol
fraction
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Mean Mobility Spectrum
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Mobility Magnitude Spectrum
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• For a dilute suspensions of spheres:

22
( , )

3
a

F ka G
ez w

m w
h n

� �
= � �

� �

Particle Inertia Term
Depends on  particle

density and size
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O'Brien R. W., Electroacoustic effects in a dilute suspension of spherical particles, 
J. Fluid Mechanics 190, 71-86 1988.

Effect of ion flow
in double layer
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• Where F is a known function of particle concentration 
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• Where F is a known function of particle concentration 
and is independent of particle density

2

(1 )
2
a

i
w

l
n

= +

R.W. O’Brien, Colloids & Surfaces, 218 (2003)
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• Pressure amplitude in sound 
wave

( )expp p xa= -

• Particles dispersed in a liquid attenuate sound:
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( )0 expp p xa= -
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dAcoustoSizer II 
Sensor Schematic
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• Sound Attenuation is caused 3 primary mechanisms:
– Viscous dissipation
– Thermal dissipation
– Scattering 

• We can ignore scattering if we assume the particles 
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• We can ignore scattering if we assume the particles 
are “small” ie: 
Particle radius << wavelength l

• At 20 MHz the wavelength in water is 75 microns
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• If (particle density)¹ (solvent density) there 
will be relative motionbetween particle and 
liquid.

• This leads to viscous 
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• This leads to viscous 
dissipation in boundary 
layer around particle

Viscous boundary layer
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• Can show viscous dissipation proportional 
to  

( )2

p sf r r-
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• So it is most pronounced for dense particle 
systems
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Attenuation coefficient for silica particles
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• Theory for 1 micron and 0.1 micron silica particles
• Attenuation has maximum when non dimensional freq

MHz

( )
2

1 ,
a

O
w
n

= where n =solvent viscosity
a= particle radius
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• Example:  for one micron diameter particles in water, 
maximum  attenuation occurs when

( ) ( )
2 2 2 1

6 1
2 4

10
1 4 10 1 MHz

0.5 10

a cm s
O s

a cm

w n
w

n

- -
-

-
= 
 » = = ´ »

´
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• And for 0.1 micron diameter particles max attenuation occurs 
at around 100 MHz
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 AcoustoSizer Particle Size Distribution
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• Compression in sound wave heats up the particles 
and liquid by different amounts causing heat to flow

• Estimate time to reach thermal equilibrium

2a k
O where

C
t k

k r
� �

= =� �
� �
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pCk r� �

• Here a is particle radius, k is thermal 
conductivity and Cp is the heat capacity.

• Use average of particle and liquid values in 
above time estimate
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• Maximum dissipation per cycle in sound wave 
occurs when wt =O(1 )

• Example: for one-micron hexadecane droplets
in water, maximum dissipation occurs when 

1 1
w -� �= » = ´
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5 1
6

1 1
4 10

2.5 10
O s

s
w

t
-

-

� �= » = ´� � ´� �

• So maximum dissipation at around 100 kHz for 
this emulsion
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• Max in thermal atten at freq of O(k/a2)
• Max in viscous atten at freq of O(n/a2)
• For most liquids (n/k)>10, so max in viscous 

atten usually at more than 10 times higher 
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atten usually at more than 10 times higher 
frequency.
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Attenuation coeff for hexadecane in water
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• Calculations for hexadecane drops in water
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• Which attenuation mechanism is dominant? It 
depends….

• Can show thermal attenuation proportional to 
2

b b
f

� �� � � �
� �-
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��������
� ���������	�
�����������
����	� 33

p pp s
C C
b b

f
r r

� �� � � �
� �-	 
 	 

� �	 
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• whereb is thermal expansion coeff
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• And viscous attenuation proportional to

( )2

p sf r r-
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• For hexadecane, density difference small, but

10
p phexadecane water

C C
b b

r r

� � � �
>	 
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Hexadecane viscous vs thermal attenuation
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• Thermal attenuation dominates for hexadecane 
drops in water
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Viscous vs thermal attenuation: silica
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• Thermal attenuation less than 1% of total. 
• Viscous attenuation usually dominates for dense 

particles.
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Measured atten spectra for hexadecane 
emulsions
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• Diluted down from 20 vol%
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• Reported size does not change with dilution in these stable 
emulsions-verification of our concentrated atten theory

0

0.02

0 0.1 0.2 0.3 0.4 0.5

MHz



�		����	���
���
	�
���		����#

• So far we have assumed a/l <<1
• What happens if this is not the case?
• If a/l =O(1),

2 2w w

���������
��������
� ���������	�
�����������
����	� 39

2 2

1
a a

and
w w
n k

>>

• So viscous and thermal dissipation no 
longer significant
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• The sound waves are 
measured using 
macroscopic devices

• Scattered waves signals 
tend to cancel out over Transducer

receiver
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the measuring surface
• Thus the measured wave

is attenuated
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Viscous vs scattering: 5 micron alumna
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• Calculations for 5 micron alumina particle
• Above 10 microns must take scattering into account
• The latest AZR2 software includes scattering (beta release)
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Measurements on glass beads in water- scattering dominates attenuation
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Attenuation size distributions
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• Electroacoustics combined with Acoustic 
Spectroscopy is a powerful technique for studying  
a wide range of concentrated colloidal dispersions

• Electroacoustics is the most accurate method for 
determining zeta potential because the particles 
are measured at true process conditions 
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are measured at true process conditions 
eliminating errors introduced by dilution.

• The technology offers a robust and repeatable 
method for measurement of particle size and 
charge in concentrated materials


