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5 Background Art
A colloid is a suspension of small particles suspended in a fluid. Although

the fluid may be a gas or a liquid, the present invention relates to suspensions
of particles in a liquid. The particles may be solid, or they may be emulsion
droplets. For more details of the properties of colloids, the reader is referred to

10 the text "Foundations of Colloid Science" by R J Hunter (Oxford Press 1987).

Colloidal particles nearly all carry an electric charge. The charge, which
usually reside's. on the particle surface, can arise from a number of mechanisms
including dissociation of acidic or basic groups on the surface or by the
adsorption of ions from the surrounding liquid. This charge is balanced by an

15 equal and opposite charge in the liquid. These opposite charges form a diffuse
cloud around the particle. The voltage drop between the particle surface and the
liquid outside this cloud is called the "zeta potential’, denoted by the symbol (.
The invention described is intended to measure the { potential and from that
quantity the surface charge can be calculated (see e.g chapter 2 of "Zeta

20 Potential in Colloid Science" by R.J. Hunter, Academic Press, 1981). |

Colloids have many applications in industries ranging from coatings and
ceramics to pharmaceuticals and food processing. In many of these applications
the efficiency of the process or the quality of the end-product depends crucially
on the { potential and size of the colloidal particles. '

25 Known methods for determining particle size include electron
microscopes, Coulter Counters, centrifuges and dynamic light scattering devices.
Each of these devices suffers from the drawback that they can only deal with
suspensions in which the particles are of a uniform composition. Thus they would
not be able to determiné the individual size distribution within a colioid of a

30 mixture of titania and silica particles for example. |

These techniques also suffer from the drawback that they do not

determine the { potential of the particles.
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The phenomenon of sound wave generation by an applied electric field is called
the Electrokinetic Sonic Amplitude (ESA) effect and is described in US Patent
no. 4,497,208 to Oja et al . The reverse effect of electric field generated by an
applied sound wave is termed the “Colloid Vibration Potential" or CVP, and has
15 been described in the scientific literature (see for example the review article
"Ultrasonic vibration potentials" Zana R. and Yaeger E.B. in Modern Aspects of
Electrochemistry, vol 14. Pienum). All the techniques described above are limited
to particles of uniform composition.
It is an object of the present invention to provide a method and device
20 capable of measuring both size and charge distribution in at least dilute mixed
particle colloids.
Summary of Invention
According to one aspect the present invention provides a method for
determining the particle charge and size distribution of particles suspended in a
25 fluid medium, said particles belonging to at least two different species,
comprising the steps of: |
subjecting the suspension to at least one steady, or slowly va;ying
force which moves the particles at a rate that depends on their radius or
charge and thereby sets up spatial inhomogeneities in the suspension;
30 applying at least one of an unsteady electric field and an unsteady
mechanical force to the suspension to accelerate the particles;
measuring the resulting acoustic wave generated by the particles
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the use of at least 2 10 different frequencies in the applied fie :
The phenonenon of ebunsteadysngehamnigal foncely an applied electric field is

cal | ed : monitoring the change in these measurements with time due to the

5 steady or slowly varying applied force; and
calculating the particle size and/or charge distributions for the

particles.
According to another aspect the present invention provides a method for
determining the particle charge and size distribution of particles suspended in a
10 fluid medium comprising:
subjecting the suspension to at least one steady, or slowly varying
force which moves the particles at a rate that depends on their radius or
charge and thereby sets up spatial inhomogeneities in the suspension;
applying at least one of an unsteady electric field and an unsteady
15 mechanical force to the suspension to accelerate the particles;
measuring the resulting acoustic wave generated by the particles
as a result of the application of the unsteady electric field, or the resulting
electric response generated by the particles as a result of the application
of unsteady mechanical force;
20 monitoring the change in these measurements with time due to the
evolution of the spatial inhomogeneities in the suspension; and
calculating the particle size and/or charge distributions for the
particles. | |
The invention further encompasses devices for implementing the methods
25 described above. :
The present invention relates to a modification of the method described in
the applicant's previous patent, US 5059909, the disclosure of which is
incorporated by reference. The present invention allows size and charge
distributions to be determined.in dilute suspensions containing mixtures of
30 particles with different densities and { potentials.
Instead of making electroacoustic measurements on homogeneous
- suspensions as envisaged in the applicant's earlier patent, the present
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10 different properties under the applied field, the contribution of each can be

separated. The present invention provides a method and means for extracting

the zeta potentials and size distributions of the different particles from an analysis

of the evolution of the electroacoustic signal with time.
Brief Description of Drawings
15 One embodiment of the invention will now be described with reference to
the accompanying Figures, in which:
Figure 1 illustrates schematically a suitable measurement cell;
Figure 2 is an Argand diagram illustrating the relationship between
values in a sample calculation; and
20 Figure 3 illustrates schematically a modified electrode arrangement.
Detailed Description
For convenience we will describe the present invention for the case when
the ESA is the measured electroacoustic ‘effect. The modifications for other
electroacoustic measurements will be described at the end of the section. It will
25 be apparent that other implementations are possible within the general scope of
the invention as described below. In particular, other measurement techniques
may be utilised if desired. It will further be appreciated that while the theoretical
explanation is believed to be accurate, the present invention is not limited to the
accuracy of the theoretical explanation provided .
30 Although the method described here can be applied to arbitrary device
geometries we will illustrate the method for the simple case in which the electric
field is applied across two horizontal electrodes, as shown in figure 1. In the



*

measur i ng the resulting acoustic wave generated by the particles

3 as a result of the application of the unsteady electric
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bottom of a solid delay line 18. Delay line 18 is designed to introduce a delay

between the application of the voltage pulse and the arrival of the ESA signal at

5 the detecting transducer 15 on the top of delay line 18. In this way the ESA can

be detected without any electrical interference from the applied voltage. It will be

appreciated by the reader that this is a standard technique in pulse-echo

ultrasonics ( see for example US patent No. 4497208 by Oja et al). The detecting

transducer may be of any suitable type, for example formed from a piezoelectric

10 material such as a lithium miobate crystal. If the instrument is required to be

operated at a fixed frequency, the crystal can be cut to a thickness so as to

resonate at that frequency, and thereby increase the transducer sensitivity. For

this parallel plate configuration, the applied voltage leads to an electric field that

- is spatially uniform across the gap. We let E(t) denote this electric field. Although

15 the particle distribution in the gap is changing with time, the duration of the

applie_d voltage pulse is assumed to be much smaller than the time for the

particle distribution to change significantly. Thus in calculating the ESA effect

generated by an applied pulse we can take the particle distribution as fixed

during the period of the pulse. The changes that occur in the distribution will

20 cause.the ESA signals to vary with each applied pulse, but this will occur over

much longer time scales. Typical times for an applied voltage pulse would be

10us, while the spatial variations that we envisage would typically occur on time
scales of a second or more. _

To begin with we will consider the case of a suspensidn of particles of

25 uniform composition and size. By solving the differential equations for the ESA

sound wave field given in O'Brien's paper ( "The electroacoustic equations for a

colloidal suspension” Journ'al. of Fluid Mechanics, 212, 81, 1990), we find that

the applied voltage pulse generates a sound wave pressure at the top electrode

given by

30 (1) =AApI (t——) LA (1)
0

aR , . —_—

This Sheet Has Been 'p

(A




L4

10 fiuid medi subj ecting the suspension to

at | east one steady, . or '\M ja¥&d Vi ng force which noves the
particles at ansyieetis Secfitap s on their radius or charge and
t hereby sets up “ “

t

h eneities in the suspension;

applying at | eas teady electric field and an unsteady 15
mechani cal force to the suspension to-accel®rate the particles;
measuring the resulting acoustic wave generated by the particles

as a result of thei@apAiisat devicef cirimtanty Wekdiheeparnticlé dehisity dninws thae of the
resul ting el ectric response generated by the particles as a |
resul t of théiqaidoand ax)is the particle voluate fragtiamiiye thecvelumeapf particies pgo unit

nonitoring the change in thes asurenents With tine due to e . .

evol ution of VPhkENne &gﬁuépeﬂﬁ'ﬁﬂﬁéggr@ﬂai"gg % ﬁelpﬁ"ephfu{?ﬁ’eﬁlgpﬁﬂgeaﬁge quantity u is
cal cul ating (e maidibGdlosity Buand/ Ple &ppliatr elfickid fibld.i Singelthe fidld is spatially
particles. e invention further enconpasses devices for inplenenting

the methods uaormethis vlatitytiowbe same for all partipies ji hieegep iah et nstanteFares
Lo oL SBk §BoRia R s BbAE 8T BFAIER. hssure i€ O5nRd 69 RprRPhtids
reference. ThetHy paRMe coMeatitratiored! THE cohiribution tofthegressure fdomt thistprticles
to be deter ma?ead dlisr;agl':le u; %e?c?ws pt%gSIel%gtsroccjgni%% vlers]gthrtre1 )\(/te’"gcnetil t?(‘t-x/c), that is the
velocity at a time x/c earlier. The quantity c is the speed of sound in the liquid.
10 The time delay x/c comes about because the pressure field from the particles a
distance x below the electrodes propagates to the electrode at the speed of
sound, and x/c is the time it takes for that sound wave to reach the top electrode.

The ESA sound waves passes through the electrode 12 and into the delay
line 18, as shown in figure 1. In a practical device this pressure wa've is

15 preferably detected by transducer 15. As the sound wave strikes transducer 15 it
generates a voltage signal that provides a measure of the pressure signal p(t).
The detected signal is amplified by preamplifier 19, and processed by signal
processor 20. As this is a common arrangement in pulse-echo ultrasonics, no
detailed explanation of components will be provided as the technique is well

20 understood by those skilled in the art.

As the particles sediment, a clear layer of liquid 22 develops adjacent top
electrode 12, with a colloid layer 13 below. If the suspension is uniform to begin
with, the particles below the liquid layer will 'also be spatially uniform. Thus the
spatial derivative of ¢ will be zero in these regions and they will not contribute to

25 the formula (1) for the pressure signal. At the top of the colloid layer' 13 however
there is a jump from zero concentration to a uniform value. Thus the spatial
derivative of ¢ in this region is very large and so a pressure signal will be
generated. Hence an ESA soundwave will emanate from the interface between
the clear liquid 22 and colloid 13. There will also be a sound wave generated by

30 the concentration gradients at the bottom electrode 11. This second signal will
reach transducer 15 at a time D/c later than the first, where D is the distance from
the bottom electrode 11 to the bottom of the clear liquid layer 22, as shown in
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with tine,
greater than 10 ps. For a water based suspension the speed of sound is about

5 1500ms-! and thus the height D of the clear liquid layer above the bottom of the
cell must be more than 1.5 cm if the two pulses are to be separated in time. Thus,
if the cell height is 10cm, the two signals will be separated in time until the
suspension has sedimented a distance of 8.5cm. In the following discussion we
will focus on the analysis of the first pulse, which arises from the boundary

10 between the suspension and the clear liquid layer.

As the suspension sediments the delay between the applied voltage pulse
and the transducer signal will increase at a rate proportional to the sedimentation
velocity V of the particles. Thus the sedimentation velocity can be determined
from measuring this delay as a function of time. The particle radius a can then be

15 calculated from the sedimentation velocity. For example in the case of

sedimentation under gravity the radius is given by (See e.g. equation (3.5.3) on
p135 of "Foundations of Colloid Science® Vol 1., by R J Hunter. Clarendon Press,
Oxford 1987) |

9pvV | (2)
2Apg

20
where p and v are the density and kinematic viscosity of the liquid respectively

and g is the gravitational acceleration.
Instead of calculating V from the delay in the signal however, it is more

convenient, when it comes to complicated suspensions, to determine V from the
25 Fourier Transform of the signal p(t). The Fourier Transform is a complex quantity .
denoted by P(w), and defined by

> . (3)
Plo)= J p(t)e ®'dt

It is well known that any pulse p(t) can be represented as a sum (or to be
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On multiplying both sides of equation(1) by e-it and integrating with
10 respect to t we find that the Fourier Transform of the ESA pulse is given by
.oV! _ (4)

P(®)= A¢ApU(m)e-" ¢

where ¢ is the density of the particles below the clear liquid layer and U(w) is the
Fourier Transform of the particle velocity u(t) due to the applied voltage pulse.
Thus U(w) is the sinusoidal component of the particle velocity at frequency o. it
15 can be shown that this component is proportional to the component E(w) of the
applied electric field at that frequency, that is
U(0) =, (@)E() ©)
The constant of -proportionality pp is termed the “frequency-dependent
20 electrophoretic mobility* or, more simply, the "dynamic mobility*. From this
definition it can be seen that the dynamic mobility is the particle velocity per unit
electric field for the case of an alternating electric field. |
The dynamic mobility is related to the size and zeta potential of the particle
by the formula (O'Brien 1988 equation 6.1 1):

_EC . @a’
pv \ v

25 (6)

Ly

where -
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20

25

Xy@é_}e ESA can
(7)

B= I i ive2)

and ¢ is the permittivity of the suspending liquid. In the applicant’s earlier patent,
referred to above and incorporated herein by reference, it is shown how this
formula can be used to determine the radius and { potential from the dynamic
mobility of the particle. |

From the formula (4) for P(co) it can be seen that the Fourier Transform of
the ESA will vary sinusoidally with t as the suspension sediments. The frequency
of this sinusoidal variation is (wV)/c. Thus the sedimentation velocity can be
determined by measuring this frequency and from this the particle size can be
ascertained. To give some idea of the size of this frequency, the gravitational
sedimentation velocity of a 1um radius particle of density 2gm/cc in water is
2um/s. Thus if the transform frequency o is 2r*106s-1 (a typical value), the
“sedimentation” frequency wV/c will be 0.01s-1. Thus thé variation in the ESA
signal due to the sedimentation occurs on a much longer time scale than the
duration of the applied pulse, as mentioned earlier. To obtain the frequency wV/c
of the sinusoidal variation .it would be necessary to monitor the ESA signal for
about 100s in this case.

Now we consider a more complicated suspension, in which the particles
have a distribution of sizes, but still have a uniform density and { potential. in this
case different size particles will fall at different rates. For each size range there
will be an interface formed and an ESA signal generated. The total ESA signal
will be given by the sum of the signals from the particles iri each size range: |

' cth (8)

—l———-

P(0)= AE(®)), ¢,App,(@)e

where the subscript j refers to the particles of size range |. In the case of a
continuous distribution the sum in this formula would be replaced by an integral.
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Thus the size distribution and the 4 potentiall can be determined from
electroacoustic measurements on a suspension with particles of uniform
composition.
15 To illustrate the application to a suspension is which the particles are not
| of uniform composition, consider the case of a suspension in which there are two-
types of particulate matter, one of density p; and the other of density p,. The {
potentials of the two species are {1 and {2 respectively.

The Fourier Transform of the signal in this case has the form
20 " LoVt (10)

P(0)=AE(®)Y, (9'Ap'HY, +§2Apn2L)e <
J

where we have grouped together the contributions from the components of the
two species with the same sedimentation velocity. Since these species have
different densities and the same sedimentation velocity they will have different
radii. By the Fourier Analysis of the signal we find the frequency and amplitude of
25 the various components as before, and from the frequency we determine the

sedimentation velocity. Since the density of each species is known we can
determine the radii of each component in the sum, and hence we can calculate
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for a col | oi dah ".Journ of Fluid Mechanics, 212, 81, 1990),
we find that s %ul se generates a sound wave pressure
at the top el ectrode || [err]

(1) 6 Her e

A is a device constant, Ap is the partlcle alensity m nus that of the
liquid and [err](x) is the particle volume fraction (i.e the volune of

particles pefheu@factor for eathoe thed comppeasatsin) (18). kn this wayoee cabaetevmihe thep
el ectrode. The quantity u is
quantity S;, where

2
Sj =Ap]§1¢}iGl +Ap2€2¢j62

5 for each component j, where Gt and G2 are the G factors calculated using

(11)

equation (7) with the radii corresponding to sedimentation velocity V;.
The quantities G1 and G2 are complex numbers, while the coefficients

Ap1L1¢! and Ap2L2¢2 are real. In principal it should be possible to determine

these two coefficients from the complex qUantity Sj, but in practice this can be

10 difficult if the difference in density between the particles is not substantial. To
illustrate this point consider the case when the type 1 particles have a density of
2g/cc and the type 2 particles have a density of 3g/cc, and suppose we seek to
determine the Ap{¢ coefficients from the measurement of the quantity S; for those
particles with a sedimentation velocity of 2um/s. From equation (2) we find that

15 this sedimentation velocity corresponds to a particle radius of 1pum for the type 1
particles, and 0.707 pm for the type 2 particles. When we calculate G1 and G2
for these particles using equation (7), we find that the arguments of these two
quantities only differ by one degree. The quantities G1, G2, and Sj are illustrated -
on the Argand diagram shown in figure 2. | | |

20 If S; is parallel to G1, then {2¢2 must be zero, whereas if §; is parallel to
G2, Li¢! is zero. Thus a small experimental error in S; can cause large errors in

the calculated values of {1¢! and {242. Thié sensitivity to experimental error will

also be a problem if thé particle’s density difference is substantial, but the

particles are so small that the quantities G1 and G2 are approximately unity. In

25 both these cases it is still possible to determine the individual size distributions

using the following procedure, provided the particle species have'significantly
different zeta potentials. _

Acco'rding to this procedure the sedimentation measurement described

above is repeated, but in this case, before the ESA measurements begin, a

30 steady, or slowly-varying electric field is applied across the suspension to bring

about an extra displacement of the particles. To avoid confusing this field with



t he ‘parti cle—vetecitydueto the applied electric field. Since the field is
spatially | dikeplacelocity is the sane for all particles in the
gap at anyTﬁ'ﬁg égt er Rép -the forrmula (1) it can be seen that the
pressure is gﬁ “ Egmﬂatial gradi ents in the particle

concentration ntribution to the pressure fromthe particles
at a distance x below the el ectrode involvd2 the velocity u(t-x/c), that is

t he - velocity at a time x/c earlier. The quantity c is the speed of
sound [n theyld fuinat BriTBe the ESAIBLRY, WewRGBRS BAORAEAHS e DE HERSEHA
field fromthe particles a di stance x below the el ectrodes propagates

to the el ect calldhetlattiee tbpele8Aofield. Assuming thadzetacpotentiakis thee same daesll
for that sound ve reach the top,electrode. T ESA,sou

waves passespﬁﬁﬁ%ﬁ}rgﬁﬁ HREIREE gsat‘ﬁiuﬁﬂ?@/ th cgsphythen QFP?ﬁéClﬁ%P?gge
shown i n figusmelspbdied vallase HisplacdeMby thd BamePasumt anday the DA Yield. Let d,
preferably detected by transducer 15. ‘As the sound wave strikes transducer
15 it 5jedenelectheadisplacageentiof the typeat pariiclesicand lateladhe theodisplacement of
pressure signal p(t). .. The_detected signal is anplified by, preanplifier
19, and procﬁ%é@eoé Partigigs. The bﬁb&%’gs'értﬁ%.w‘ﬂ?dt‘;ﬁ@%ﬁﬁ gasurements
arrangenent | z I~C : h | sk} tsh ;

component s bl GRS ibcbbhatale ZE%%%L‘%’?L@‘%‘Z‘H RS PO AR 1h88e Hatictes
t hose ski | | edithnsedimentation velocity Vj wikbea dengtedibySpwharei nent, a cl ear

| ayer of liquid 22 devel ops adj acent top el ectrode 12, with a col] 3i d
| ayer 13 below. If the guspens) DC\IA{-’? Wb f r@élage 20 _-id, with, the (12
particles below the Ii jd_TAfér H € al's Spat Iﬁy uniform Thus the
10 and
b =.‘2‘ii (13)
iT 7, _ _ :

The exponential factors in equation (12) rotate the vectors G1 and G2 by different
amounts, so if they were parallel to begin with, they will not be in this second

15 experiment. Thus the equation (12) can be used to accurately determine the
values of ¢i, provided the displacements dj are known.

These displacements are related to the particle { potential by the formula

- 5‘.)5\; £, (14)
where E is the average DC field strength and t is the time over which the field is
20 applied. In deriving this expression for the displacement we have used the
- Smoluchowski formula for the DC electrophoretic mobility (see e.g. equation
(9.11.19) on p557 of “Foundations of Colloid Science", Vol 2, by R J Hunter. _

Clarendon Press, Oxford 1987)

_8 | o (15)
l-lpc"pV .

25 The first step in the solution to this problem for charge and size is the calculation
of the zeta potentials. To determine these quantities we first divide each of the
expressions (11) and (12) by G and sum over all the sedimentation velocities j-



spatial derivative of [err] will be zero in these regions and they will not
contribute to 25 the formula (1) for the pressure signal .~

colloid | ayer 13 however there is a junp from zero con éﬁé%‘HQé’Bée(?\ erlaced'
uni form val ue. Thus the spati al derivative of [err] i

very large and so a pressure signal wll be gener at ed mﬂnmuﬁﬂﬁilﬂ
soundwave will enmanate fromthe interface bgjween the cl

and colloid 13. There will also be a sound wave generated by 30 the

concentration g_;.adi ent a.t h@ef botfom el ectrode 11. This second signal wll
reach transdife HMs ¥Ry, 0Dlaln; the 1BJTRUag o (han the first, where Dis the _
di stance from t he bottom electrode 11 to the bottom of the clear quuid
| ayer 22, as shown in

figure 1. To keep the anal ysAﬁJWIG‘FNPQ\XCZb‘E 6ssurred t hat the dL(ﬂﬁ)lon

of the

and
5 . Aplq)le'iBJCI +Ap2Xe'i52C2 =0’ (17)
where
N
o= Z-Ll’ O = Z'—JT, ' (18)
10 / a
2
and X=; 22 (19)

The unknowns in equations (15) and (16) are {1 QCZ and X. On eliminating X from
15 the two equations we get

G’ — Cl . (20)

GCl

By using the fact that the magnitude of the left side of equation (20) is one we

e'i 2 —

obtain an equation involving the single unknown gL

2
jo" — 28 ocos(@"+8,)+(¢)
lof* ~ 2§‘]0]cos(<1> +9, ) + (Cl)z
20 where ®=arg (o) and ®’=arg (o’). The equation (21) can be solved for {! by

=1 (21)

one of the standard numerical root-solving techniques, such as Newton's' Method



applied voltage pul'se is less than this delay tine. Thus the two puI ses are
-Separated in ti rfmlsﬁmett-laﬁa?aeeaw latedy 10[err]s pulse this is the case if the

delay Dic is g [err]s. For a water based suspension the
speed of sound is [err] and thus the height D of the clear
i quid layer above tomo t he ceII must be nore than 1.5 cmif
thetwo pul ses are to be separ at ed in tinme 14hus, if the cell height is
10cm the two signals will be separated in tine until the suspensi on

has sedi ment qded edf.SChaSEr & o Nwmerital Mbthods! bp\R higrnbeakusQuantume Publishets
focus on the analysis of the first pulse, which arises fromth boundargl 10
bet ween t he dnepdNesi MforkrB@te ©nearl!l isginawn.afkean be determineqdrqmequation

suspensi on sedi ments the del ay between the gpplied oIt e pul se
t he transducdROyi gha@ size. Idi$hﬁ%ﬁué'§§§ el ¢ Pﬁa 8% rﬁ?'b%% dE[?'f‘HBed frSthe

sedi nent ati on VeOf the particles. Thus t he sedi nentation
vel ocity can %‘é’faift@?%?ﬁﬁ"' Si fromneasuring this delay as a function of

time. The particl erfiggherpod Wllorily Workef the factorsibrp(e8) frr (1) rbtate the G vectors
sedi mentation velocity. For exanple in the case of sedi nent at.i on under

‘gravity the rsadithest trEeygavedeyor(i@'eneagy pafadiel. onThes amayntopt rotatignaeeqitired

Qlj]? 3?36“1'939)5 c?epen s Shthe Ca'c%rt}(r:&)t gf) he Eﬁﬁgﬁ%s{xre_m%?sr 11%h8" RBL80rdrhERS are

(2) made to 1% accuracy, a 10 degree rotation in the G vectors will suffice. Thus we
require the §; factors to differ by around 0.1. If the ESA signal is measured at
10 1MHz, this requirement is satisfied if the particle displacements differ by more
than 25 pm, where we have used the formula (13) to calculate the displacement
from ;. If the particle species have zeta potentials of 25mV and 50mV, such a
displacement would occur under a DC field of 1000V/m at a time of about 1
second, where'we have used the Smoluchowski formula (15) to calculate the
15 particle electrophoretic velocity.

There may be practical difficulties that arise in applying such a field, for the
field drives electrolyte charge down onto the electrode, where it forms a diffuse
layer, shielding the electrode and eventually reducing the applied field on the
suspension to zero. The time required for this effect to become substantial

20 depends on the electrode spacing and surface area. One standard way of
increasing the time required for polarization to occur is to use platinum black
electrodes, since these have a rough surface with a very large surface area (see
e.g. p43 of “The Principles of Electrochemistry” by Duncan A Maclnnes, Dover
Publications New York 1961) Another way to overcome this effect is to use an

25 electrode array such as that shown in figure 3.

The top and bottom electrodes 11,12 are used to apply the DC field and
the ESA voltage pulse, and are identical in function to those in figure 1. The
vertical lines on the sides of the cell represent two arrays 16,17 of small plate-like
electrodes, one on each side of the cell. The DC field is first applied te the top

30 and bottom electrodes to bring about the particle displacements, as described

above. |
During this stage the side electrodes are disconnected. Once the



20 where p and v are the density and kinematic viscosity of the liquid

respectively

and g i.S'the gravitational accelerat | on.

| nst ead of -~ cal cul ati ng Vfromthe delay in the si laged npr e
conveni ent, when it comes to conplicated suspension I V from

the 25 Fourier Transform of the signal p(t). The Fo |s a
conpl ex quantity denoted by P([err]), ang defined by
(3) P([err]) = [err]p(t)e[err]dt is well

10

15

20

25

30

known t hat AN oIBHE S hbd SEEbRE 4 BROSIER 1RE 185 aﬂd%ﬂérﬂrelé&\r@c?es are switched

to ground and at the same time the electrodes A, A’ and Z, Z' are connected to
the applied voltage source (with voltages of opposite polarity) so that current
from the top electrodes flows to A-A’ and current from the bottom electrodes flows
to Z-Z'.. Then these electrodes and the neighbouring electrodes B-B' and Y-Y’
are turned on. In this way the polarization charge is removed from the top and
bottom electrodes and passed down the side electrodes, until the positive and
negative charges meet at the midpoint electrodes and cancel. This cycle of
applied voltage and discharge can be repeated to bring about the particle
displacements required for size and zeta determination.

In the case when there is only one type of particle but the { potential
depends on the particle radius, the size and € distribution can be determined by
measuring the ESA spectrum with and without the DC field displacements. From
the measurement of the ESA without the DC field we get {idi for each size group
j. Then from the change in phase of the jth ESA component after applying the
field we get the factor §;, which give {;, and hence ¢i can be determined.

In the above discussion it has been assumed that the suspension contains
only two species of particle. If there are more than two species it will be
necessary to apply the DC field more than ornce to bring about different
controlled displacements. Each application of the field and subsequent ESA
measurement provides anofher equation and allows us to determine another
unknown size and zeta distribution.

In describing this method for determia:\ing particle size and { distributions
from electroacoustic measurements we have cited the example of a parallel plate
ESA apparatus. The method can also be implemented using any other
electroacoustic effect and with a great variety of device geometries. To illustrate
the possibility of other electroacoustic measurements, suppose a parallel plate
device of the form shown in figure 1 is set up to measure the CVP rather than the
ESA. In this case the voltage pulse is applied to the transducer on the top block
rather than across the electrodes. This causes the transducer to generate a -
soundwave puise that travels down the block and into the suspension. When the
sound wave crosses the interface between the clear liquid and the suspension it



8 nore—prectse; an—itntegral ) of "harnonics”, that is, signals which
vary si nusoggl@bhdet Has BedM Rdpidckd®. The quantity P([err]) represents the

har nmoni ¢ conp th frequency [err]. The advantage of
wor ki ng inteqMJ“H u“rTransforrrs P([err]), rather than p(t) is
that the theor g the ESA si gna_[l S assunmes 5 sinusoi dal

variations, and so the application of that tsheory to our problemis nore

straightforward when we work with Fourier Transforns. The signal processing
circuits for genesatesa Ngltage bedweenthatwosdlectiodes. alhis godtegearie the £&2MAr Hremd

Wil | no [ her . tinlying,hot h s of
equation(1) 39825[02@:?6 ggf}ﬂﬁnglggfrgﬁf:ﬂﬁs\ﬁ teﬁufﬁg?g;&féh}[%d{g‘ aﬂe? Fnﬁjggﬁzﬁap(eﬁe
Fourier Trangjeuirmabbf FisidENMAcRahies, R$29B1EWaSind that the Fourier Transform of the
(4) P([err%l=A[e,rr]pU([err])e err] where [err] is the
density of t&&/Baulse l!%)-b%gbﬂﬁ“t% clear liquid layer and W[err]) is the
Fouri er Tr§nsf ormof the particle velocity u(t_)imgpe to the appl { vol t age
pul se. Thus IS the}%i(m%oi da( OH’ﬁ-?-H-ent of the par | e

locity at fre e&f rﬁ;b)e:r:rBApt IL,(®)e

in the case of a single component monodisperse suspension. Here B is a device
~constant, K is the complex conductivity of the suspending liquid, and Pa(w) is the
Fourier transform of the applied pressure pulse. Comparing this expression with
the corresponding formula (4) for the ESA we see that both signals depend in
10 exactly the same way on the dynamic mobility and sedimentation velocity. Thus
the analysis that we have described for the ESA can be applied directly to the
CVP case.
The procedure that we have described above for extracting the size
distributions and { potentials from the measured .electroacoustic signals involves
15 a Fourier Analysis of signals, that is it involves the step of determining each of the
harmonic components of the ESA signal as a function of time. This is not the
only way to extract the size information, however.
To illustrate a possible alternative procedure consider first the case of a
single species suspension with a range of particle sizes. In that case the signal
20 P(w) varies with time in accordance with the formula (8). If this signal is
measured over a range of frequencies at each instant, the resulting
“electroacoustic spectrum® (that is, the set of P values over the applied
frequencies) can be used to obtain information about ¢ and the size distribution
as described in the applicants earlier patent (referred to above). For the case of
25 a two species suspension however, the signal is given by the formula (10), and
there are now too many unknowns to permit the determination of the individual
size distributions and & potentials.' If however we measure the variation of the
electroacoustic spectrum with time as a result of the applied force (such as
gravity) we obtain additional information that can be used to extract the {'s and



15 can be shown that this conponent is proportional to the conponent
E([err]) of the applied electric field at that frequency that is
Uerr]) =[err]([err])E([err]) (5) The const ant
of proportionality [err] is termed the "frequency-dependent 20

el ectrophoretic nmobility" or, nore sinply, the "dynamc nmobility". From
this definition it can be seen that th#&7dynamic nobility is the
particle velocity per unit electric field for the case of an

al ternating cf‘iié’%ﬁéthﬁuflbﬁé for the separate sBB@ne@yn'ﬁﬁé %oiﬁlhb'théb/ eaéh h‘?é@é&éniéht
the size and zeta potential of the particle by t formula (O Brien

1988 equat i cpfomdleslpddg@nal mformahon without mtroducmg any énefe unknowns since
(6) t%‘@ sngnal from each particle size group varies in a known way with time. Thus

one could for instance measure the spectrum at 100 equi-spaced time intervals

5 and then use a computer to adjust the unknown quantities {1¢;1Ap1 and Q2¢;2Ap2
to minimise the total square error between the measured electroacoustic spectra
and the theoretical spectra obtained using equations (6), (7) and (10).

It will be appreciated that variations and additions are poséibl'e within the
spirit and scope of the invention.

10
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[err]

(7)) and [err] I's the permttivity of the suspendl ng |1 quid.” In trTe
applicant's earlief patent, referred to above and H sBebn
by reference, it is shown hOWthIS - formul a can be- us%
the radius and [err] potential fromthe dynamc 5 nobili
particle. Fromthe formula (4) fiér P([err]) it can seen
t he Fourier Transform of the ESA wi.ll vary sinusoi daI ly w h t as the_
suspensi on S?ﬂ'.K?B\tg The frequency
1. A method for determining the particle charge and size distribution of

particles suspended in a fluid medium comprising:
(1)  subjecting the suspension to at least one steady, or slowly varying
torce which moves the particles at a rate that depends on their radius or
charge and thereby sets up spatial inhomogeneities in the suspension;
(2) | applying at least one of an unsteady electric field and an unsteady
mechanical force to the suspension to accelerate the particles;
(3) measuring the resulting acoustic wave generated by the particles
as a result of the application of the unsteady electric field, or the resulting
electric response generated by the particles as a result of the application
of unsteady mechanical force;
(4) monitoring the change in these measurements with time due to
the evolution of the spatial inhomogeneities in the suspension; and
(5) calculating the particle size and/or charge distributions for the

particles. _

2. A method for determining the particle charge and size distribution of
particles suspended in a fluid medium, said particles belonging to at least two
different species, comprising the steps of.
(1)  subjecting the suspension to at least one steady, or slowly varying
force which moves the particles at a rate that depends on their radius or
charge and thereby sets up spatial inhomogeneities in-the suspension;
(2) applying at least one of an unsteady electric field and an unsteady
mechanical force to the suspension to accelerate the particles;
(3) measuring the resulting acoustic wave generated by the particles
as a result of the application of the unsteady electric field, or the resulting
electrical response generated by the particles as a result of the application
of unsteady mechanical force;
(4) monitoring the change in these measurements with time due to

the evolution of the spatial inhomogeneities in the suspension; and
S A

T



of this sinusoidal variatients—H{ferriV)/c. Thus the sedinmentation velocity
can be determ q.r-ﬁ\d ' etq;ea@gégﬁﬂil; HS frequency and fromthis the

particle size can. be ' 0 give sone idea of the size of this
frequency, the gravita ﬂ m
radi us particle of den

di mentation velocity of a 1[err]m

water S 2[err]ms. Thus if the
transformfrequency [err] is 2[err] |106s[eng] (a typical value), the
"sedi nent ati on” frequency [err]VIc will be 0.0ls[err]. Thus the variation

e scal e than ¢ K8 15 el e SEHCRTS R ERUAY < chacd®' dsfBiRonS B8f laach.
To obtain the fregpesies.[err]Vic .of the sinusoidal variation it would

be necessary to nonitor t he ESA signal for about 100s in this case.
Now we consider a nore conplicated suspension, in which the particles

have 2, 1St AP AigBingd B6cpr] bl 18 Bl MRS LA G4 ey

rates. For eg@Qhis gravity.ange there w Il be an interface fornmed and an ESA
signal generated. The total ESA signal will be given by the sumof the
signals fromthe particles in each size range:

j( 8) 4. P(h&hblnod aéédrtfifd fo &%y bheldthé dréédifg claims, wherein step (5)

includes determining the contribution to the measured acoustic wave or electrical
response from' each group of particles having the same motion under the
influence of the steady or slowly varying force, and calculating the particle size
distributions from the measured acoustic wave and electrical response of each

group.

5. A device for determining the particle charge and size distribution of
particles suspended in a fluid medium, said particles belonging to at least two
different species, comprising:
a receptacle for receiving a sample. of a suspension for
measurement; |
means for subjecting the suspension to at least one steady, or
slowly varying force which moves the particles at a rate that depends on
their radius or charge and thereby sets up spatial inhomogeneities in the
suspension; |
means for applying at least one of an unsteady electric field and an
unsteady mechanical force to the suspension to accelerate the particles;
sensor means for measuring the resulting acoustic wave generated
by the particles as a result'of the application of the unsteady electric field,
or the resulting electric response generated by the particles as a result of
the application of unsteady mechanical force;
means for monitoring the change in these measurements with
time due to the evolution of the spatial inhomogeneities in the
suspension; and |
' processing means for calculating the particle size and/or charge

* c L M s *



where the subscript j refers to the particles of size range j. In the case
of a 25 continuous distribution the sumin this fornula would be repl aced

by an integral.

guantities which each vary sinusoidally with tinme. The freque

froma
time. Fromthe
and si ze can be

Fromthe fornmula (8) it can be seen t hat P([err]) is rrade Hhid o
anplitudes [err]([err])[err]D. of the varlgas conponents can' E'ﬁﬁlml
standard Fourier analysis of the signal for P as a

5 frequency, of eﬁch conponent the sedlnentatlon vel ocity
distriflitionsi fee @ach species.  gince the size is known, we can

eval uate the quantity Gin the fornula (7) for [err]D for each' si ze.
Thus fromthe measured anplitudes we can determne [err]

6.

A device for determining the particle charge and size drstrrbutron of

particles suspended in a fluid medium, comprising;

7.

a receptacle for receiving a sample of a suspension for
measurement; | _

means for subjecting the suspension to at least one steady, or
slowly varying force which moves the particles at a rate that depends on
their radius or charge and- thereby sets up spatial inhomogeneities in the
suspension; . '

means for applying at least one of an unsteady electric field and an
unsteady mechanical force to the suspension to accelerate the particles;

sensor means for measuring the resulting acoustic wave generated
by the particles as a result of the application of the unsteady electric field,
or the resulting electric response generated by the particles as a result of
the application of unsteady mechanical force;

means for monitoring the change .ih these measurements with

time due to the evolution of the spatial inhomogeneities in the

suspension; and
processing means for calculating the particle size and/or charge

distributions for the particles.

A device according to claim 5 or claim'6, wherein the means for subjecting

comprises an arrangement in which the particles sediment under gravity.

8.

A device according to any one of claims 5 to 7, wherein said processing

means is adapted to determine the contribution to the measured acoustic wave
or electrical response from each group of particles having the same motion

-under the influence of the steady or slowly varying force, and to calculate the
particle size distributions from the measured acoustic wave and electrical

response of each group.
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for each conponent. If the total volune fraction [err] of the particles is
known, we 10 can then determne [err] ‘and all:the [err]* s by using the fact

that (9) Thus the si zeTyié fidet Bud Béwh Rupthced
the [err] potential can be determ ned from el ectroaco nts
on a suspension with particles of uniform conposi tion. _
illustrate the application to a sUspensigy(lirs which the p t
of uniformconposition, consider the cas a suspension in which there
are two types of particulate matter, _one _of density [err] and the other
of density P2. The [err] potential s oﬂ]_e.two speqiges are [err] and
[err] respectively. The Fourier CPransforM the signal in this
case has the form 20 5 L/
(10) P([err])=AE([err])Ee ] +[err])e[errf] 0 wher e
we. have grouped together the cl%ntri' [ he corrponerts)o?‘f t he
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‘two species with the 'sane sedimentation velocity. Since these sp@éllérd Aeive
differént densities and the sane sedi nentation velocity they will have

di fferent radii. By the Fourier Analysis of the signal we find the

- frequency and anplitude of 25 the various conponents as before, and from
the frequency we determ ne the sedi %\nt ation‘velocity. Since the
density of each species is known we can det ermine the radii of each .
conmponent in the sum and hence we can cal cul ate . the G

factor for eopARTOELE BEZE GOMOCKARCE msmmlmmwmmn ne the
quantity S[err], where. : S[err] [err]p[err]G[err] +
. (1)

Lerr]pler iAgbTRACT
" A method and devics |s dlsclosed for determmlng the distribution of charge and
size in a colloidal ‘system, The arrangement disclosed Is adapted to measure
' | these characteristica In an inhomogensous callald. A collold is subjected to a
steady or slowly varying force which moves the parlicles at a rate that depends
“on their radius or charge and thereby sets up spatial inhomogeneities in the
suspension , and to elther a unsteady mechanical force or an unsteady slactrical
force, and the resulting electrical or acoustic sffects sensed. Monitoring these
 charactéristics over time and subsequent calculation allows the datennlnaﬂon of -
chargs end siza distribution, for each spacies present.

Figure 1 .
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5 for each conponent j, where G[err]'a.md Jerr] are the G fact ogguet =2

cal cul ated using equation (7) with the radii cornq&pqycgl,b
sedi mentation velocity V[err]. The quantities ep[r&f);a(a&ﬁg'e@f §P?f‘

are «conpl ex nunbers, while the coeffici entf [err] and [err] are real.
In principal it should be possible to detetm ne . Datese t\@® 8 JUL 1996
coefficients fromthe conplex quantity S[err], but in practice this can. be
10 difficult Partidle Siid carthcCGhargeldieasyramaniedm Mudti{zomponeat; Goligids
substantial. Io,, L] ate this point .consider the case when the type
1 particles h \?édaOfdéﬂ%+@Béf 2g/cc and the type 2 particles have a
density of 3g/cc, Felprayundkevantion aelatésto a methibet andimaansHer delarining the -

coefficients from t.he peasurenent of ,the qu A for those -
particles wi tWS‘é'bé'hari‘ ﬁgﬁﬁiﬁ%ﬁﬂsé ?Q%Fg%ﬁ %Fé‘h{ﬂ%’g{ ‘'om equation (2) we
find that glSghBigré@sd NRfAL ation velocity corresponds to a particle radius
of 1 [err]lmfor the t

particles. Wen weA&] '&al iétéésﬁ%%g]rgng%cﬁe'%"eﬁ%prﬁdgs 75%2?%’%%41@5%%'9? KﬁBﬁt’@‘e ’
using equati ofe(fuid sy be %ﬂ%@%& st IR RBSEntGAvEdIRACrelNgs to suspuAsibas i es
only differ by one dedree. e.quantities Jerr], Gerr], and err] are
il lustrated of padislashin Arkgitd. &@mm@%mﬁyibé FP&I’@' .eyzr@aysl;e emulgign .
et |l 0 bty o i 18 gt heotions, v tarys fosta s, |
S[err] can(cathedektirgpendationssof Golloid Science” by R J Hunter (Oxford Press .1987).
Colloidal particles nearly all-carry an electric charge. The charge, which
" usually resides on the particle surface, can arise from a number of mechanisms
including dissociation of acidic or basic groups on the surface or by the
adsorption of ions from the surrounding liquid. This charge is balanced by an
15 equal and opposite charge in the liquid. These opposite charges form a diffuse
cloud around the particle. The voltage drop between the particle surface and the
" liquid outside this cloud is called the "zeta potential®, denoted by the symbol & .
The invention described is intended to measure the { potential and from that
quantity the surface charge can be calculated (see e.g chapter 2  of "Zela
20 Potential in Colloid Science” by R.J. Hunter, Academic Press, 1981).

Colloids have many applications in industries ralng.ing from coatings and
ceramics to pha'rma'ceuticals and food __processing. In many of these applications -
the.efficiency of the pi’oceSS or the quality of thé end-product depends crucially

- on the { potential and size of the colloidal particles. ' |
25 Known methods for determining particle size include electron
~microscopes, Coulter Counters, centrifuges and dynamic light scattering devices.
Each of these devices suffers from the drawback that they can only deal with
suspensions in which the particles are of a uniform composition. Thus they would
not be able to determine the individual size distribution within a colloid of a

. 30 mixture of titania and silica particles for example.

: These techniques also suffet from the drawback that they do not

. determine the { potential of the particles. REPLACEMENT SLuETg
¥ Degcription : paged 4. &
L Claim{s) :paged 8.1
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the cal cul ated values of [err] and [err]. This sensitivity to'experi ment al
error wll

subst anti al ,
and Jerr]

also be a problemif the particle's density difference is

but the particles are so snall that the quantities Jerr]
are approximately unity. In 25 both these cases it is still

possible to deternine the individual size déstributions ~using the
foll ow ng procedure, provided the particle species have significantly
different zeta pot eht U8lpatent no. 5,059 QOQCDeleanthmofﬂa&lqw SizecaridChhagge" to

sedi nent ati on

case,
electric field
di spl acenent o

12

before t

5

10

asurenent descr.i bed ted but this
BeREaRRIkERE HesS e doserBad $meBol 36 B imioma porh slzd At
Pben@apkﬂcﬁd "eldctfoacblStiPumBassrefients) ot ng meas@é@ﬂéhtsaef téra
the particles. To avoid confusing. this field w
sound waves generated by applied electric flelds or measurements of the
voltages and electric currents generated by applied sound waves in the colloid.
In the analysis provided in this patent it is assumed that the suspension is
macroscopically homogeneous, and this technique is limited to particles -of
uniform composition. It is also implicitly assumed that the particles all have the
same [ potential. The technique discosed is limited to the use of at least 2
ditferent frequencies in the applied fields. -
The phenomenon of sound wave generation by an applied electric field is called

the Electrokinetic Sonic Amplitude (ESA) effect and is described in US Patent

. no. 4,497,208 to Oja et al . The reverse effect of electric field generated by an

15

20

applied sound wave is termed the "Colloid Vibration Potential® or CVP, and has
been described in the scientific literature (see for example the review article
"Ultrasonic vibration potentials” Zana R. and Yaeger E.B. in Modern Aspects of
Electrochemistry, vol 14. Plenum). All the technlques described above are l:mlted
to particles of uniform composmon

It is an object of the present mvenhon to provide a method and device
capable of measuring both size and charge distribution in at least dllute mixed

particle colloids.

- Summary of Invention

25

- 30

. According to one aspect the present invention provides a method fer
determining the particle chargé and size distribution of particles suspended in a
fluid medium, said particles belonging to at least two different species,
comprising the steps of .

subjecting the suspens:on to at least one steady, or slowly varying
force which moves the particles at a rate that depends on their radius or
charge and thereby sets up spatial inhomogeneities in the suspension;

applying at least one of an unsteady -electric field and an unsteady -
mechanical force to the suspehsion to accelerate the particles;

measuring the resulting acoustic wave generated by the particles
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the field that drives the ESA pulse, we will refer to the former as the DC
field, and call the'latter the ESA field. Assunmng the zeta potential
is the sane for all particles of the sane species (as is usually the
case), then all particles of the -sanme species will be displaced by the
sanme anount under the DC field. Let d[err] 35 denote the displacenent of
the type 1 particles, and let d[err] be the displacenent of - the type 2

particles. The DC fised fedifit 6iR8 épﬂheﬁibrpéffth@rﬂﬁstéaely@é‘ctﬂe&ew ot sesultmgar e

made as descri bed above. The contributi 510 t he ESA fromﬁ qstaﬁpar cles

with sedi nentation e&eqteelres;mnssrgqnamtﬁﬂohyé BAHCES By as[esH ]° ication

Sterr] = Lerm] Gler g heleabyy mbgtandd fscba e eler ] (12)
an err

(13) " The ex ponentﬂn@hitbémg theschangedi igserimeasyremants With tigs, dee & the

Gerr] and E[ err] bsYeacly or slgwiy varying applied force; and
calculating the particle size and/or charge dxstnbutlons for the_

~ particles.
According to another aspect the present invention provides a method for
determining the particle charge and size distribution of particles suspended in a
10 fluid medium compnsmg

subjecting the suspension to at least one steady. or slowly varying
force which moves the particles at a rate that depends on their radius or

eharge and thereby sets up spatial inhomogeneities in the suspension;
applying at least one of an unsteady electric field and an unsteady

15 mechanical force to the suspension to accelerate the particles;
measuring'the resulting acoustic wave generated by the particles
as a result of the application of the unsteady electric field, or the resulting
electric response generated by the particles as a result of the application

of unsteady mechanical force;
20 " monitoring the change in these measurements with time due to the

evolution of the spatial inhomogeneities in the suspension; and
calculating the particle size and/or charge distributions for the
particles. | | | |
The invention further encompasses devices for |mplemenhng the methods

25 described above.
The present invention relates to a modlflcatlon of the method described in

the applicant’s previous patent, US 5059909, the disclosure of which is
mcorporated by reference ‘The present invention allows size and charge
distributions to be determined in dilute suspensions containing mixtures of -
- 80 particles with different densities and'c potentials.
Instead of making electroacoustic measurements on homogeneous
- . suspensions as envisaged in the applicant’s earlier 'patent. the present
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amounts, so if they were parallel to begin with, they will not be in this
second 15 experinent. Thus the equation (12) can be used to accurately
determ ne the values of [err], provided the displacenents d[err] are
known. These displacements are related to the particle [err]

potential by the fornula 4 [err]
(14) where E is the average DC field strength and t is the time over

whi ch the f'e'ﬂvﬁﬁu&PrWése%eés@ré}ﬁéht\é' 89 sbbhéi Tyg oﬁ@%a@r dupensions.

di spl acenent ave used Snmol uchowski
el ect r ophor et i Eherpsent gequeedges aglieaquisg the use of ?10f1'9?f33ﬁeﬁm'%ﬁ in the

" Foundations o %ﬁ'%d' fbd, 391 ANGR apyflant's Syri& Bat'é't'lptﬂie inhom &4 EHYI&h be

Press, Oxford
(15) 25 The féausedstye patticle isedinéniation undem graentpmbm ancéntrifugahfigld, yathsi ze

quant 111 s e PeReoptgrefi o 8 BaRReY i & staadlCailiel Pedific W ety gy
derr] and suneftactrwhich tehds todsepanatat panicles! axtotdieg tp.{ potential or size. The
applied field causes the spatial distribution of the particles to change with time,
‘and this leads to a corresponding chenge in the measured electroacoustic
signal. If different species of particles are present in the colloid with sufficiently
10 different properties under the applied field, the contribution of each can be
seperated. The present invention provides a method and means for extracting
the zeta potentials arid size distributions of the different particles from an analysis
of the evolution of the electroacoustic signal with time.
Brief Description of Drawings .
15 One embodiment of the invention will now be described with reference to
the accompanying Figures, in Wthh

Figure 1 illustrates schemat:cally a suitable measurement cell;

Figure 2 is an Argand diagram illustrating the. relanonshlp between
values in a sample calculation; and

20 Figure 3 lllustrates schematically a modified electrode arrangemenl
Deta:led Descrlptlon .

For convenience we will describe the present invention for the case when
the ESA is the measured electroacoustic ‘effect. The modifieatiens for other
electroacoustic measurements will be described at the end of the section. It will

25 be apparent that other implementations are possible within the general ecope of
' the invention as described below. In particular, other measurement techniques
may be utilised if desired. 1t will further be appreciated that while the theoretical _
explanation is believed to be accurate, the present invention is not limited to the
accuracy of the theoretical explanation provided .
-30 Although the method described here can be applied to arbitrary devnce
geometries we will illustrate the method for the simple case in which the el_ectnc
_field is applied across two 'horizonta_l eleetrodes, as shown in figure 1. In the
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13 . In this way obtain the fornul ae: ' - Jerr]
(16) and [err] (17) wher e

5

illustrative measurement cell 10, the ESA is generated by a pulse of sinusoidal

voltage from the signal generator 21.The top electrode 12 is attached to the

bottom .of a solid delay line 18. Delay line 18 is designed to introduce a delay

between the application of the voltage pulse and the arrival of the ESA signal at

5 the detecting transducer 15 on the top of delay line 18. In this way the ESA can

be detected without any electrical interference from the applied voltage. It will be

appreciated by the reader that this is a standard technique in pdlse-echo

ultrasonics ( see for example US patent No. 4497208 by Oja et al). The detecting

transducer may be of any suitable type, for example formed from a piezoelectric

10 material such as a lithium niobate crystal. If the instrument is required to be

operated at a fixed frequency, the crystal can be cut to a thickness so as to

resonate at that frequency, and thereby increase the transducer sensitivity. For

this parallel plate bonfigu_ration. the applied voltage leads to an electric field that

is spatially uniform across the gap. We let E(t) denote this electric field. Although

15 the particle distribution in the gap is changing with time, the duration of the

applied voltage pulse is assumed to be much smaller than the time for the

particle distribution to change significantly. Thus in calculating the ESA effect

generated by an épplied puise we can take the particle distribution as fixed

during the period of the pulse.'The changes that occur in the distribution will

20 cause the ESA signals to vary with each applied pulse, but this will occur over

much longer time scales. Typical times for an applied voltage pulse would be

10us, while the spatial variations that we envisage would typically occur on time
scales of a second or more. o ' '

To begin with we will consider the case of a IISUSpension of particles of

25 uniform composition and size. By solving the differential equations for the ESA

sound wave field given in O'Brien’s paper ("The ele_ctro'acoustic equations fora
colloidal suspension" Journal of Fluid Mechanics, 212, 81, 1 990), we find that
the applied voltage pulse'g'enerates a sound wave pressure at the top electrode

given by

0 . pn= AApj (t—-é-)g‘bdx (1)
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[err]. 10 | -_ (18)

and X= [err] (19 : The
unknowns in equations (15) and (16) are [err] .and X. On elimnating X from
1 5 the two equations we get [err]

(20) . 6

Here A is a device constant, Ap is the. particle density minus that of the
liquid and ¢(x) is the particle volume fraction (i.e the volume of particles per unit
volume of suspension) at a distance x below the top electrode. The quantity u is
the particle velocity due to the applied electric field. Since the field is spatially.

5 uniform, this velocity is the same for all particles in the gap at any instant. From
. the formula (1) it can be seen that the pressure is generated by spatial gradients
in the particle concentration ¢. The contribution to the pressure from the particles
at a distance x below the electrode involves the velocity u(t-x/c), that is the
velocity at a time x/c earlier. The quantity ¢ is the speed of sound in the quuid."'.
10 The time delay x/c comes about because the pressure field from the particles a
distance x below the electrodes propagates to the electrode at the spéed of
sound, and x/c is the time it takes for that sound wave to reach the top electrode.

The ESA sound waves passes through the electrode 12 and into the delay
line 18, as shown in figure 1. In a practical device this pressure wave ié

15 preferably detected by transducer 15. As the sound wave strikes transducer 15 it
generates a voltage sigrial that provides a measure of the pressure signal p(t).
The detected signal is amplified by preamplifier 19, and processed by signal
processor 20. As this is a common arrangement in pulse-echo' ultraéonics. no
detailed explanation of components will be provided as the technique is well

20 understood by those skilled in the art. |

As the particles sediment, a clear layer of liquid 22 develops adjacent top
electrode 12, with a colloid layer 13 below. If the suspe_nsion is uniform to begin
with, the particles below the qudid layer will also be spatially uniform. Thus the
spatial derivative of ¢ will be zero in these regions and they will not contribute to

25 the formula (1) for the pressure signal. At the top of the colloid layer 13 however
| there is a jump from zero concentration to a uniform value. Thus the spatial
derivative of ¢ in this regio_n_is' very large and so a pressure signal will be

| gene'rated. Hence an ESA soundwave will emanate from the interface between

the clear liquid 22 and colloid 13. There will also be a sound wave generated by

"30 the concentration gradiehts at the bottom electrode 11. This second signal will
reach transducer 15 at a time D/c later than the first, where D is the distance from

the bottom electrode 11 to the botiom of the clear liquid layef 22, as shown in
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By using the fact that the magnitude of the left side of equation (20) is
one we - obtain an equation involving the single unknown [err]:
[err] (21) 20 where [err]=arg (a) and [err]' =arg
(a"). The equation (21) can be solved for [err] by one of the standard
nunerical root-solving techniques, such as /Newton's Mt hod
figure 1. To keep the analysis simple, it will be assumed that the duration of the
applied voltage pulse is less than this delay time. Thus the two pulses are
separated in time. For the case of a 10ps pulse this is the case if the delay D/c is
greater than 10 ps. For a water based suspension the speed of sound is about
5 1500ms-! and thus the height D of the clear 'liquid layer above the bottom of the
cell must be more than 1.5 cm if the two pulséé are to be separated in time. Thus,

- if the cell height is 10cm, the two signals will be separated in time until the
suspension has sedimented a distance of 8.5cm. In the following discussion we
will focus on the analysis of the first pulse, which arises from the boundary

10 between the suspension and the clear liquid layer. '

As the suspension sediments the delay between the applied voltagé pulse
and the transducer signal will increase at a rate proportional to the sedimentation
velocity V of the panicleé. Thus the sedimentation velocity can be determined
from measuring this delay as a function of time. The particle radiu's a can then be

15 calculated from the sedimentation velocity. For example in the case of
sedimentation under gravity the radius is given by (See e.g. equation (3.5.3) on
p135 of "Foundations of Colloid Science® Vol 1., by R J Hunter. Clarendon Press,

Oxford 1987) » -
as [PV @
24pg _ _

where p and v are the density and kinematic viscosity of the liquid respectively

20

and g is the gravitational acceleration. _
Instead of calculating V from the delay in the signal however, it is more

convenient, when it comes to complicated suspensions, t_o determine V from the
25 Fourier Transform of the signal p(t). The Fourier Transform is a complex quantity
‘denoted by P(w), and defined by '

w (3)
P(o) = fp(t)e’"”tdf |

It is well known that any pulse p(t) can be repreéented as a sum (or to be
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14 . (see e.g. Chapter 5 of "Nunerical Methods" by R Hornbeck. Quantum
Publ i shers - Inc., New York 1975). Once [err] is known, [err] can-be
determ ned from equation (20). The size distributions of [err] and
[err] can then be determ ned fromthe expression (12) for S[err]. 5
This nmethod will only work if the factors &xp(-[err]) in (12) rotate the G
vectors so that they are no |longer nearly parallel. The anpunt of '

rotation requnbrdprecise, &@PiRtstral bf themanigt,anst ief sighelsbificheasysipuesitally | f
t he neasurenents are % accur.a a 10 d gree r ot at zt‘)l n . the

G vectors w | Vit dime. C‘ghemt%tp?m)lregrga%ntﬁéxé H’@rr{n@pfc] PIPOHREL Oh PEY MY by
around 0. 1. f{r%ée c§% Sﬁn%nabvzii %wcménatm téﬁnémodriar%ﬁﬁwrﬁq@@ca}) I's

satisfied if ticle dis ment s, by nore
[err]m wher eramaemm wéQdist H@tf@ﬁnmeéf)( i@) aﬂélngcm%tse% hEgaRiSpRasment

from[err] gﬁigg _
such a S dgmﬁ%ﬁdéeﬁnékiltaﬁéﬁ% oécgﬁ]re g%t a 9%?@%35 %%d%% a[%dm %nr:e
of about 1 stralgieiwmardwmere wige wody with Jedirien d ramip rasohB isigna mjbees(s]rfg) to
calculate the_,15.particle el.ect o be
ractical i faitcRiEdpE ColdTminip, b8 °Hf'§i)3f§n5ﬁ%9fg fLé Sa{g??'eﬁfa,st%?a&dh%"d i
: not be described here. o -
On multiplying both sides of e_quation(1) by e-iet and integrating with
10 respect to t we find that the Fourier Transform of the ESA pulse is given by

o (4)

P(0)= AdApU(®)e ¢

where ¢ is the density of the particles below the clear liquid layer and U{w) is the
Fourier Transform of the particle velocity u(t) due to the applied voltage pulse.
Th.us U(w) is the sinusoidal component of the particle velocity at frequency w. It
15 can be shown that this component is proportional to the component E(®) of the
applied electric field at that frequen_cy,' that is
V(o) =1,(0)E(0) %)
The constant of proportionality pp is termed the ‘“frequency-dependent
20 electrophoretic mobility" or, mbre simply', the "dynamic mobility" From this
definition it can be seen that the dynamlc mobility is the particle velocnty per unit
electrlc field for the case of an alternating electric field. -
- The dynamic mobility is related to the size and zeta potenual of the particle
by the formula (O‘Bnen 1988 equatlon 6.11):

. _Eey
.u” pV_V'_

where
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field drives electrolyte charge down onto the el ectrode, where it forns a
di ffuse | ayer, shielding the el ectrode and eventual ly reducing the
applied field on the suspension to zero. The time required for this
effect to becone substantial 20 depends on the el ectrode spacing and
surface area. One standard way of i ncregsing the time required for

pol arization to occur is to use platinum bl ack el ectrodes,- since these
have a rough surface with a very large surface area (see e.g. p43 of
"The Principles of Electrochem stry” by Duncan A Macl nnes, Dover
Publ i cati ons New York 1961) Another way to overcone this effect is to use

an 25 electrode array such t hat shog/n tfigure 3. The top -
and bottom el ectrodes 11, 12 re ap y the DC field and t he ESA
vol t age pul se, and are |[g@§t| funcﬁ to those in figure 1. {He

vertical lines on the si gﬁgéﬁﬁé]ﬁz/gz esent two arrays 16,17 of snall
plate-1ike el ect rodes, ach sidejof the cell. The DC field is
first applied to the top 30 d bottom el ecirodes to bring about the
particle displanteaismthe parmitivily of thedsuspendipgiguid. In the appliqant's egrlisfipatent age

the side el ectpdesy %%EBV@%H&'%&&BW&Q&%&QH by reference, it is shown how this
formula can be used to determine the radius and potentlal from the dynamrc
5 mobility of the particle. . |
From the formula (4) for P{w) it can be seen that the Fourier Transform of
the ESA will vary sinusoidally with t as the suspension sediments. The frequency
of this sinusoidal variation is (wV)/c. Thus the sedimentation velocity can be
. determined by measuring this frequency and from this the particle size can be
10 ascertained. To give some idea of the size of this frequency, the gravitational
sedimentation velocity of a 1um radius particle of density 2gm/cc in water is
2um/s. Thus if the transform frequency o is 2r*106s-1 (a typical value), the
*sedimentation” frequency wV/c will be 0.01s-1. Thus the variation in the ESA
signeﬁ due to the sedimentation occurs on a much longer time scale than the
15 duration of the applied pulse, as mentioned earlier. To obtain the frequency wV/c
| of the srnusordal variation it would be necessary to monitor the ESA signal for
‘about 100s in this case. | _
Now we consider a more'complicated suspension, in which the particles
 have a distribution of sizee but still have a uniform density end { potential. In this
20 case different size particles will fall at different rates. For each size range there
will be an mterface formed and an ESA signal generated The total ESA signal -
wrll be given by the sum of the signals from the particles i in each size range:
coVr o - {(8)

P(®)= AE(m)Z_'_fb;_APHD(m)r e °

_ where the subscript j refers to the particles of size range j. In the case of a
25 contmuous distribution the sum in this formula would be replaced by an integral.
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15 pol ari zati on has becone a problem the top and bottom el ectrodes
are sw tched to ground and at the sane tine the el ectrodes-A, A and
Z, Z' are connected to t he applied voltage source (wth voltages of
opposite polarity) so that current - fromthe top electrodes flows to
A-A'" and current fromthe bottomelectrodeOflows 5 °to Z-Z'. Then these
el ectrodes and the nei ghbouring electrodes B-B and Y-Y -are turned

on. In this-way the 'tﬁé%%h&n(s;he&g@ UessémdD(Eﬂ)OlmmbéetumOoaacbum of
bottom el ectrodes and passed down the S|ge ele rOdeS'Hbeegtll t he OS] tllve

and negaiquantiiemmfuch eaah yary: HIBURPIEBLY it F'Ehec reQuENEIgscANd i s
cycle of f%&ﬁ{tg%%ac(bémgg Yqn s v QQ?E%rﬁﬁdhé?ﬁs ripeBé efbtéAnipet NgorAbo Ut

the particle . required-for size and zeta determ nation.
In the case \A’rseahdatn@rm:drteroaﬁarysm@fmy@esngﬁal dor Pi 2$ @ functionof [time] Fram dhe i al

et erm ned By rdivengg 8, pARY Sboeat e FRlimeRiatot VEdTiA ft’%‘%ea%eﬁeteel d
di spl acenent s gefdrfited. the neasurenent of the ESA without the DC field we
get [err] for eaChS?rltczeeth rsolzg is known, we can evaluate the quantity G in the formula (7)

for pp for each size. Thus from the measured amplitudes we can determine {¢;

for each component. If the total volume fraction ¢ of the particles is known, we

10 can then determine { and all the ¢i's' by using the fact that _
| = B | (©)
o=
J ' : :

Thus the size distribution and the { potential can be determined. from
electroacoustic measurements on a suspension with particles of uniform
composition. '
15 To illustrate the application to a suspension is which the particles are not
- of uniform composition, consider the case of a suspension in which there are two
types of particulate matter, one of density p; and the other of densrty pz The C
potentlals of the two species are { and { respectively.

The Fourier Transform of the signal in this case has the form _
20 oY% (10)

P(m) AE(m)Z (¢ Ap uD,+<t>j pPni e ©

where we have grouped together the contributions from the components of the

" two species with the same sedimentation velocity. Since these species have
different densities and the same sedimentation velocity they will have drfferent_
radii. By the Fourier Analysis of the signal we find the frequency and amplitude of

25 the various components as before, and from the frequency we determine the

sedlmentatlon velocity. Since the density of each species is known we can
' 'determlne the radii of each component in the sum, and hence we can calculate
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15 j.. Then fromthe change in phase of the jth ESA conponent after applying

t he field we-get the factor [err], which give [err], and hence [err]
can be determ ned. In the above discussion it has been assuned

t hat ‘'t he suspensi-on contai ns only two species of particle. If there are
nore than two species it will be = necessary to apply the DC field nore

than once to bring about different 20 control |l ed displ acenents. Each

appl i cation ofnd Befg ioglfgr 8ich 5#@@%3%3%!%&% (1 0{.%@%&@@5«% cBh Yetetfiine the

anot her equation an ows us to determ ne another nknown si ze an

zeta distribuiguantity S;, where I n describing this nmethod for determning
particle size and [err] distributions from el ectroacoustic neasurenents

| we have cited the anpl f tal 225 ESA appar at us(11¥he net hod
can al so be inpl erre%}(ﬁ éaégjrgglq%ﬂ; iébqﬁ%épzct roacoustic effect and with

a great variety of device geonetries. To illustrate t-he possibility of

ot her el ect$ od@oaseh compenamnemwheresGpriskeGa argr the @ fardtarsecalculaths, usiagof

Esa in this eaede B uld el cotRebBn iR repkieiaton LORRRY: "on (he 1o
‘block 30 rather th¥Tneaquzogitiel &1 eindCGRrogIRScomplex M@HBES, Witle! thansobifi@énts O

generate a sgundwave pul se that travels down the block and into the
suspensi on. WA@ltéHeand A @redeal c o pgaeipahit shaulsh rhe: possibladerdetemmiot ear

liquid and t hﬁ'nesslés weoncs:bgi'ﬁc{etnts from the complex quantity S;, but in practice this can be

10 difficult if the ditference in density between the particles is not substantial. To
illustrate this point consider the case when the type 1 particles have a density of
2g/cc and the type 2 particles have a density of 3g/cc, and suppose we seek to
determine the ApT¢ coefficients from the measurement of the quantity S; for those |
particles with a sedimentation Velocity of 2um/s. From equation (2) we find that

15 this sedimentation velocity corresponds to a particle radius of 1um for the type 1
particles, and 0.707 um for the type 2 particles. When we calculate G1 and G2

for these particles using equation (7). we find that the arguments of these two
quantities only differ by one degree. The quantities G1, G2, and S;j are illustrated
on the Argand diagram shown in_ﬁg'u.re 2. | | |

20 If S is parallel to G1'. then {242 must be zero, whereas if Sj is parallel to:
G2, {14! is zero. Thus a small experimental error in Sj can cause large e}rors in

the calculated values of {1¢! and {2¢2. This' sensitivity to exbe_rimental error will
also be a problem if the pérticle's density differencé is substantial, but the
particles are so small that the quantities G1 and G2 are approximately unity. In
25 both these cases it is .stilll ‘possible_'td determine the individual size distributions
using the following procedure, provided the particle species have significantly
different zeta potentials. _ - o
'According to this proceduré_ the sedimentation measurement described
above is repeated, but in this case, before the ESA measurements begin, a
_ 30 steady, or slowly-varying electric field is applied across the suspension to bring
about an extra displacement of the particles. To avoid confusing this field with
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16 . generat es a voltage between the two el ectrodes. This voltage is

the CVP. From the solution of the el ectroacoustic equations derived in
O Brien's 1990 paper (Journal of Fluid Mechanics; 212, 81) we find

t hat- the Fourier Transform of the CVP pul se V([err]), is given by: 5
(22) V([err]) = Blerr] " 12in the case of a single
conponent nonodi sperse suspension. Here B is a device constant, K 1is

the conpl ex qradsklthel tyves thetESA palsenwengll réfgquiothedaund as thie(PErfigd, and t he
Four L er L anel g Yok ThS A TP RREUhTrg e Gera BERANLNE Y SamePloPS O

i ca
v particles of the same species (as is usually the case), then all particles of the
same species will be displaced by the same amount under the DC field. Let d,
5 denote the disblacement of the type 1 particles, and let d; be the displacement of
. the type 2 particles. The DC field is then turned off and the ESA measurements
are made as described above. The contribution to the ESA from those particles

with sedimentation velocity V; will be denoted by Sj, where

Sj, _ AplC,lG-le'ial + API?QIZGzle-iS? (12)

10 and

od, | | - (18)

The exponential factors in equation (12) rotate the vectors G1 and G2 by different
amounts, so if they were parallel to begin with, they will not be in this second

15 éxperiment. Thus the equation (12) can be used .to accurately determine the |
values of ¢i, provided the displacements d; are known. | |

These displacements are related to the particle { potential by the formula

_ (14)
- Topv :
~ where E is the average DC field strength and t is the time over which the field is
20 applied. In deriving this expression for the displacement we have used the
Smoluchowski formula for the DC electrophoretic mobility (see e.g. equation
(9.11.19) on p557 of “Foun_dgtip_r_f_s of Colloid Science”, Vol 2, by R J Hunter.

Clarendon Press, Oxford 1987) -

_E (15)
P-nc"pv :

25 The first step in the solution to this problem for charge and size is the calculation
of the zeta potentials. To determine these quantities we first-divide each of the
expressions (11) and (12) by G and sum over all the sedimentation velocities j.
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the corresponding fornmula (4) for the ESA we see that both signals depend
in 10 exactly the same way on the dynam c nobility and sedi nentation

vel ocity. Thus t he anal ysis that .we have descri bed for the ESA can be
appl-ied directly to the- CVP case. The procedure that we have
descri bed above for extracting the size 13 distributions and [err]
potentials fromthe neasured el ectroacoustic signals involves- 15 a Fourier
Anal ysi s of qhgﬂg bbaﬂn‘ﬁ%fdhnbﬁMp|veS the step of determ ning each of

t he har nmoni ¢ %ponents of the ESA signal as a function of time. This
is not the onIy way to extract the size information, however.

To illustrate a possible alter@atf e proqsgzi consider first the @%Ze of a
si ngl e speci es suspensi on wiA @2 t70e sizes. In that taSe the
signal 20 P([err]) -varies with time in accordance with the fornula (8). If

this signal ighg  neasured over a range of frequencies at each instant,
t he result%nlg 4 "el ]tcactroacoustlc spectrunt (that |s the set of G\égl ues
over the applie reque qsph15d0; 2 ormati o out
[err] and the size 'distribu%aﬁg é€2$ﬂb2glnt licants.earlier
patent (ref erred to above). For the case of 25 a two speC| es suspensi on
however, thewvsigreal is given by the forrnula (10), and there are now too -
many unknowns to permit the determination of the individual si ze _
~distributions and [err] potentials. If however we neasure-the variation of
t he el ectroacousti ¢ ‘spectrum with tine as a rgsult of the applied force
(such as G_Z I 2
- Gl’ . (18)
10 N d
2 ' .
and : X = q)?_G__ _ (19)
=X Yj Gl .

The unknowns in equations (15) and (16) are {i.L2 and X. On eliminating X from
15 the two equations we get '

o — Cl -15 '_ | - (20).

O'Cl

" By using the fact that the maghi[ude ¢f the left side of equation (20) is one we

82 _

obtain an equation involving the single unknown Ci:

|0| - 2o’ |cos(<I>’+8 )+(L;1)
| [ 2§1|0|cos(<1>+8) (C‘)

20 where d=arg (o) and ®'=arg (c) The equation (21) can be solved for {! by

- (21)

-one of the standard numerical root-solving techniques, such as Newton's Method
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gravjty) we obtain additional |nformat|on that can be used to extract the

[err]'s and 17 si ze
distributions for the separate speC|es The point is that each nmeasurenent

provi des additional information w thout introducing any nore unknowns since
the signal fromeach particle size group Md&ries in a known way with tine.
Thus one could for instance neasure the spectrum at 100 equi - spaced

time interval @ee%.@Chdgiens @wameﬂeatmhoasv R HRrABAR. LKA BRiRhbEd €S

[err] and [err] to mnimse the total square error between the neasured
el ect r oacoustine., st\{wctfoﬁ 1975)an6>mae§'tnad@owm cr;ilcaspmcdemrmht@ frech equatipn

~equations (6), &7) and. be appr-eci ated that
variations ar@Okdding §F¥§ kayl%@@%?fed’\)\i @ﬂﬂ ﬁ’ztﬁ%“ then @@l determingds frope thef

the inventiongypression (12) for ;. |

' 5 This method will only work if the factors exp(-§;) in (12) rotate the G vectors |
so that they are no longer nearly parallel. The amount of rotation required

depends on the accuracy of the ESA measurements. |f the measurements are

made to 1% accurécy, a 10 degree rotation in the G vectors will suffice. Thus we

require the §; factors to differ by around 0.1. If the ESA signal is measured at

10 1MHz, this requirement is satisfied if the particle displacements differ by more
than 25 um, where we have'used the formula (13) to calculate the displacement -

from &;. If the pahicle speéiee have zeta potentials of 25mV and 50mV, such a

displacement would occur under a DC field of 1000V/m at a time of about 1

second, where we have used the Smoluchowski formula (15) to calculate the

. 15 particle electrophoretic velocity. _

There may be practical difficulties that arise in applying such a field, for the
field drives electrolyte charge down onto the electrode, where it forms a diffuse
layer, shielding the electrode and eventually reducing the applied field on the
suspension to zero. The time required for this effect to become substantial’

20 depends on the electrode spacing and surface area. One standard way of

- increasing the time required for polarization to occur is to use platinum black

electrodes, since these have a rough surface with a very large surface area (see

e.g. p43 of “The Principles of Electrochemistry” by Duncan A Mat.:>lnnesi Dover

_ Publications New York 1961) Another way to overcome this effect is to use an

25 electrode array such as that shown in figure 3. .

The 'top and bottom electrodes 11,12 are used to apply the DC field and

- the ESA voltage pulse, and are identical in function io those in figure 1. The
vertical lines on the sides of the cell represent two arrays 16,17 of small plate-like

electrodes, one on each side of the cell. The DC field is first applied io the top

30 and bottom electrodes to brnng about the parucle displacements, as descnbed

above. .
During this stage the side electrodes are disconnected. Once the
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10 . | 18 CLAIMS 1. A
met hod for determ ning the particle charge and size distribution of

particles suspended in a fluid nmedi um conpri sing: (D) subj ecti ng
t he suspension to at | east one steady, or slowy varying force which
noves the particles at a rate that dep'endsﬂbn their radius or char ge
and thereby sets up spatial i nhonogenei ties in the suspension; (2)

app' ying at |sastizaRm Rds BBCHMR! £PFHLIGMEHE top dhideb it digdrodes e dWitched
to ground and at the same time the electrodes A, A’ and Z, Z' are connected to

the applied voltage source (with voltages of opposite polarity) so that current

from the top electrodes flows to A-A’ and current from the bottom electrodes flows
5 to Z-Z'. Then these electrodes and the neighbouring electrodes B-B' and Y-Y’

are turned on. In this way the polarization charge is removed from the top and

bottom electrodes and passed down the side electrodes, until the positive and

negative- charges meet at the midpoirit electrodes and cancel. This cycle of

applied voltage and discharge can be repeated to bring about the parﬁcle
10 displacements required for size and zeta determination.

In the case when there is only one type of particle but the { potential
depends on the particle radius, the size and { distribution can be determined by
measuring the ESA spectrurﬁ with and without the DC field displacements. From
thé measurement of the ESA without the DC field we get Ligl for each size group

15 ]. Then from the change in phase of the jth ESA component after applying the
field we get the factor Si. which give {;, and hence ¢i can be determined.

In the above discussion it has been assumed that the suspensioh contains
only two species of particle. If there are more than two species it will be
necessary to apply the DC field more than orice to bring about different

20 controlled displacements. Each applicatibn of the field and subseduent ESA
measurement provides another equation and allows us to determine another
unknown size and zeta distribution. '

In describing this method for determiﬁing partiéle size and ( distributions
from electroacoustic measurements we have cited the example of a parallel plate

25 ESA apparatus. The method can also be implemented using any other
el_ecttoacoustic effect and with a great v'ériety of device geometries. To illustrate
the possibility of olhef eléctro’acous’tic measurements, suppose a parallel plate
device of the form shown in figure 1 is set up to measure the CVP rather than the

_ ESA. In this case the voltage pulse is applied to the transducer on the top block

" 30 rather than across the _.electrodés. This causes the transducer to generate a
. soundwave pulse that travels down the block and into the suspension. When the

'sound wave crosses the interface between the clear liquid and the suspension it
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mechani cal force to the suspension to accelerate the particles; | (3)
nmeasuring the resulting acoustic wave generated by the particles
a result of the application of the unsteady electric field, or the

resul-ting el ectric response generated by the particles as a result
of the application of unsteady nechahi cal force; (4)
nonitoring the change in these nmeasurements with time due to - t he

evol ution of gRRSERR RaollagRdIalwearithe bwo ielectrades Udpe voltage isathe CVP. Frong 5)
calculating t I e%'f\'g/ a tdd Iy (o

particles. E}'?e Earuibrﬁre?hoc?z F or g?‘é‘#ﬁnﬁm&%ﬁtgﬁ dd 5&%?0' gﬁa%r gstqu?\% PEPFE
di stribution @fourmaltofdflaid Mwbannte,dm'lz a1)fWe||ﬂddrt’Bam ihe Fawmriad Transfoarhesf the
bel onging to |t t species, conprising the steps of:

(1) subj ect | fﬁﬂgé ‘{@’gég&' 38 at | east one steady, or slowy varying
force whichs noves the part i cl eslﬁ rate thai-,aﬁepends on theiipay adi us or
charge and thereby e@éﬁ E@&t al( )ﬂlggg 'l €s i n-the suspensi on;

(2) appl yi ng at K.n(udﬁt ?,8 ectric field and an unsteady
mechani cal force to t he suspens accelerate the particl es; (3) -
measuring the resul ti ng acoustic wave generated by t_lhe particles

in the case of a single component monodisperse suspension. Here B is a device
constant, K" is the complex conductivity of the suspending liquid, and Pa(w) is the
Fourier transform of the applied pressure pulse. Comparing this expression with
the corresponding formula (4) for the ESA we see that both signals depend in
10 exactly the same way on the dynamic moblhty and sedimentation velocity. Thus
the analysis that we have descnbed for the ESA can be applied dlrectly to the

CVP case.
The procedure that'we have described above for extracting the size

~ distributions and { potentials from the measured .electroacoustic signals involves
15 a Fourier Analysis of signals, that is it involves the step of determining each of the
h'armonic components of the ESA signal as a function of time. This is not the
only way to extract the size information, hbwever.

To illustrate a possible alternative procedure consider first the case of a
single species suspension with a range of particle sizes. In that case the signal
20 P(w) varies with time in accordance with the formula (8). If this signal is
measured over a range of frequencies at each instent, the resulting
"electroacoustic spectrum” (that is, the set of P values over the applied
frequencies) can be used to obtain information about € and the size distribution

as described in the applicants earlier patent (referred to above). For the case of
25 a two species suspension hpwe\)er, the signal is given by the formula (10), and
there are now too many unknowns to permit the determination of the individual
size distributions and & potentials. |f however we measure the variation of the
electroacoustic spectrum with time as a result of the applied force (such as
_gravity) we obtain additional information that can be used to extract the {'s and
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as a.result of the application of the unsteady electric field, or the

resul ting el ectrical response generated by the particles as a result
of the application of unsteady nechanical force; (4)
nonitoring the change in these neasurenenti7mdth time due to t he
evolution of the spatial inhonogeneities ih'the suspension; and

(5) cal cul atjng,.the particle size and/or, charge distributions for each
species. 3. s'zeﬁ'%PHg‘Eﬂ%&YO‘F‘Biﬁ?@af%e(ﬁpéplﬁﬁ-l The RAinliimtat eqesr @easyiement

steady force ppvidéPadditional information without introducing any more unknowns since
the signal from each particle size group varies in a known way with time. ;rhus
one could for instance measure the spectrum at 100 equi-spéced time intervals
5 and then use a computer to adjust the unknown quantities Cl;lAp1 and Q¢2Ap2
to minimise the total square error between the measurea -electroacoustic spectra

and the theoretical spectra obtained using equations (6), (7) and (10).
It will be appreciated that variations and additions are possible within the

spirit and scope of the invention.
10
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(1) Ls gravity. 4. A nmet hod according to any one of the preceding
clains, wherein step (5) includes determning the contribution to the
measured acoustic wave or electrical response fromeach group of particles
having the sanme notion under the influence of the steady or slowy varying
force, and calculating the particle sizei@i stributions fromthe neasured
acoustic wave and el ectrical response of each group. 5. A device for

determ ni nq:th@M@rt icle charge and size distribution of parti cles
suspended in a uid medium said particles belonging to at |east two

di fferent species, conprising' a receptacle for receiving a
renen means for

Sub, ot ng It he- SGs FEBPHAY Sielermiciy BhdaTEldshatge and sizst Gigyibuiogiag
force whi cRapRYES stibSemded irf hRidmaiiMl ®ripddingepends on their
radius or charge and thereby sets up spatial in oaneneltles in the
suspensi on; (1)  subjecting the suspension to at least one steady, or slowly varying
' force which moves the particles at a rate that depends on their radius or
charge and thereby sets up spatial inhomogeneities in the suspension;
(2)  applying at least one of an unsteady electric field and an unsteady
mechanical force to the suspension to accelerate the particles;
(3)  measuring the resulting acoustic wave generated by the particles
- as a result of the application of the ﬁnsteady electric field, or the resulting
electric response generated by the particles as a result of the application
of unsteady mechanical force;
4) monitoring the change in these measurements with time due to
the evolution of the spatial inhomogeneities in the suspension; and
(5) ca_lculatihg the particle size and/or charge distributions for the

particles.

2. A method for determining the particle charge and size distribution of
particles suspended in a fluid medium, said particles belonging to at least two
different species, comprising the steps of:
(1)  subjecting the suspension to at least one sfeady, or slowly varying
force which moves the particles at a rate that depends on their radius or
charge and thereby sets up spatial inhomogeneities in-the suspension:
 (2)  applying at least one of an unsteady electric field and an unsteady
mechanical force to the suspension to accelerate the particles;
(3)  measuring the resulting acoustic wave generated by the partieles
as a result of the application of the unsteady electric field, or the 'resulting
electrical response generated by the particles as a result of the application
of unsteady mechanical force;
(4) ~ monitoring the change in these measurements with time due to
the evolution of the spatial inhomogeneities in the suspension; and |
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means for applying at | east one of an unsteady electric field and an
unst eady nmechanical force to the suspension to accelerate the particles;

sensor nmeans for nmeasuring the resulting acoustic wave generated . by
the particles as a result of the application of the unsteady electric
field, or the resulting electric regponse generated by the particles
as a result of the application of unsteady mechanical force; '
nmeans for m)nltor t n th se.measyr enent to
the evol ution of(5 ‘2%5?&&"” %lsﬁeeéna t H:@arge é'%@b’é‘ﬁé‘ﬁo

processi ng rreanssﬁ‘éyescal cul ating the particle size and/or charge
20

3. A method according to claim 1 or claim 2, wherein the steady force in step

(1) is gravity.

4. A method according to any one of the preceding claims, wherein step (5)
includes determining the contribution to the measured acoustic wave or electrical
- response from each group of particles having the same motion under the
influence of the steady or slowly varying force, and calculatmg the particle size
distributions from the measured acoustic wave and electrical response of each

group.

5. A device for determining the particle charge and size distribution of
particles suspended in a fluid medium, said particles belonging to at least two
different species, comprising: _
a receptacle for receiving a sample of a suspension for
measurement; | _
means for subjecting the suspension to at least one steady, or
slowly varying force which moves the particles at a rate that depends on
their radius or charge and thereby sets up spatial inhomogeneities in the
suspension; | ' | |
. means for applying at least one of an unsteady electric field and an
unstéady mechanical force to the suspension to accelerate the particles;
sensor means for measuring the resulting acoustic wave genérated
by the particles as a result of the application of the unsteady electric field,
or the resulting electric respbnsé generated by the particles as a result of
the application of unsteady mechanical force; o
- means for monitoring the change in these measurements with
time due to the evolution of the spatial inhomogeneitieé in the
suspension' and _ .
“processing means for ca!culatmg the particle size and/or charge
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di stgibutions for each species. 6. - A device for determ ning the
particle charge and size distribution of.- particles suspended in a fluid
medi um conpri si ng; a receptacle for receiving a sanple of a
suspensi on for measur enent ; -means for subjecting the
suspension to at |east one steady, or 0 slowy varying force which
noves the particles at a rate that depen%s on their radius or charge

and thereby sets up spatial in onD%eneities in the suspensi on;
means for appl yAHYIREIINSIOr 6358 SPECIBS- unst eady el ectric field and an

unst eady nechani cal force to the suspension to accelerate the particles;
sensor means for measuring the resulting acoustic wave gener ated by
the particbes a® dewvicrul forofetenmiripgl theapadiclefchange uarsd esidy distritution of
field, he resu .tingpl e e‘ctgr C resBon.se generated by the particles

. . t i
as a resul pagp?és SUSPERARE QopiHtas H’I"Bf CMBIe8dy "nechani cal ~f or ce;
means for nonitori ngtﬂ%cggﬁng o thRei a.%urs%.rmﬁges o th suspen&i'oﬁ? fgpe

to the evolution of e sp i nhonogeneities 1n the suspensi on;
and measurement;

means for subjecting the suspension to at least one steady, or
slowly varying force which moves the particles at a rate that depends on
their radius or charge and thereby sets up spatial inhomogeneities in the
suspension; '

means for applying at least one of an unsteady electric field and an
unsteady mechanical force to the suspension to accelerate the particles;

sensor means for measuring the resulting acoustic wave generated
by the particles as a result of the application of the unsteady electric field,
or the resulting electric response generated by the particles as a result of
the application of unsteady mechanical force; '

means for monitoring the change in these measurements with

time due to the evolution of the spatial inhomogeneities in the
suspension; and | ' |

processing means for calculating the particle size and/or charge

distributions for the particles.

7. A device according to claim 5 or claim'6, wherein the means for subjecting
comprises an arrangement in which the particles sediment under gravity.

8. A device according to any one of claimé 5t07, wherein said processing
means is adapted to determine the contribution to the measured acoustic wave
or electrical response from each group of particles having the same motion
under the influence of the steady or slowly varying force, and to calculate the
particle size distributions from the measured acoustic wave and electrical

response of each group.
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processing neans for cal cul at i ng t_jh_:e:__,:_.'pért_-i,_.,c___l_e si ze and/ or c'harge

di stri‘butions for the particles.
claim6, wherein the neans for subjecting conprises an arrangenent

the particles sedi ment under gravity. -

- 7. "IA devwi ce according to.claim5 or
i n which

8. A devi ce according to any one

of clainms 5 to 7, wherein said processingppeans is adapted to determ ne the
contribution to the measured acoustic wave or electrical response from each

group of parti

|,
or slowy vary'g@é

fromthe rrei%us()_F%Aa(c;g‘)_ust

he same nmotion under the.influence of the steady
AND, CHARGE MEASURFMENT T, MUETH] -~ CQYBONENT SOELOIBS| ons

ic wave and el ectrical response of each group.

A method and davics Is disclosad for determining the distribution of charge and
size In & colloidal ‘system, The arrangement disclosed Is adapted to measurs
these .cha_racterlstics In an Inhomogensous collold. A collold is subjected to a
steady or slowly varying force which movss the particles at a rate that depends
on their radius or charge and thereby sets up spatial Inhomogensities in the
suspension , and to elther a unsteady mechanical force or an ‘unsteady elsctrical

| force, and the resulting electrical or acoustic effects sensed. Monitoring these
characteristics over time and subssaquent calculation allows the determination of
charge and siza distribution, for each speciss present.

Figure 1 .
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Thls Sheet Has Been Replaced

ABSTRACT

A method and devics Is disclossd for detarmxning the distribution of charge and
size in a colloidal system. The arrangement disclosad is adapted to measure |
these characteristics In an inhomogensous collold. A collold is subjected to a
steady or slowly varying force which moves the particles at a rate that depends
on thelir radius or charge and therahy sets up spatial Inhomogsneities in the
suspension , and to elther & unsteady mechanical force or an unsteady elactrical
force, and the resulting electrical or acoustic effects sensed. Monitoring these
characteristics over time and subsequent calculation allows the determination of
charge and size distribution, for each species present.
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