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Abstract:

Fractals are aggregates of primary particles organized with a certain symmetry defined essentially by

one parameter-a fractal dimension. We have developed a model for the interpretation of acoustic data
with respect to particle structure in aggregated fractal particles. We apply this model to the
characterization of various properties of a fumed silica, being but one example of a fractal structure.
Importantly, our model assumes that there is no liquid flow within the aggregates (no advection). For
fractal dimensions of less than 2.5, we find that the size and density of aggregates, computed from the
measured acoustic attenuation spectra, are quite independent of the assumed fractal dimension. This
aggregate size agrees well with light-scattering measurements. We applied this model to the
interpretation of electroacoustic data as well. A combination of electroacoustic and conductivity
measurements yields sufficient data for comparing the fractal model of the particle organization with a
simple model of the separate primary particles Conductivity measurements provide information on
particle surface conductivity reflected in terms of the Dukhin number (Du). Supportlng information for
the & potential and Du can also be provided by electroacoustic measurements assuming thin double- layer
theory. In comparing values of Du from these two measurements, we find that the model of separate |
solid particles provides much more consistent results than a fractal model with zero advection. To
explain this, we first need to explain an apparent contradiction in the acoustic and electroacoustic data
for porous particles. Although not important for interpreting acoustic data, advection within the
aggregate does turn out to be essential for interpreting electrokinetic and electroacoustic phenomena in
dispersions of porous particles.
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Fractals are aggregates of primary particles organized with a certain symmetry defined essentially by one parameter—
atractal dimension. We have developed a madet for the interpretation of acoustic data with respect to particle structure
in aggregated fractal particles. We apply this model to the charcterization of various properties of a tumed silica,
being but one exampie of @ tractal structure. {mportantly, our model assumes that there is no liguid tlow withun the

sopresates (no advection). For tractal dimenstons of less than 2.5 we find that the size and density of aggregates,
computed from the measwred acounstic attenuation speetra. are quite independent of the assumed froctal dimension

This nggregate size agrecs well with Jight-seattering measurements. We applied this mode! te the interpretation of

clectroacoustic data as well. A combination of clectroacoustic and umdudl\ ity measurements vields sutticient data
tor comparing the tractal model of the particle organization with a simple maodet of the separate primary particles
Conductivity measurements provide information on particle surtace conductivity reflected o terms of the Dukhin
number (/). Supporting information for the & potential and Dw can also be provided by electroacoustic measurements
assuming thin double-laver theory. In comparing vatues of Dy from these two measurements, we tind that the maodet
of separate solid particles provides much more consistent results than a fractal madel with zero advection. To explain
this, we tirst need to explaim an apparent contradiction in the acoustic and clectroacoustic data tor porous particies.
\lthough not important for interpreting acoustic data, advection within the aggregate does turn out 10 be essential

for interpreting electrokinetic and clectroacoustic phenomena in dispersions of porous particles,

Introduction

Fractals arc aggregates of primary dispersed particles with a
certain structural symmetry that reproduces itseff from one spanal
level to another. The notion of fractals was introduced almost
30 vears ago by Mandelbrot! 7 and is o widely accepted model
for describing coagulation phenomena.

Fructal aggregates contain a certain amount of trapped hquid
inside, which makes their characterization much more challenging
comparing to that of usual solid nonporous particles. We usc a
combination of several techniques to characterize these complex
particles. It turns out that different rechnigues require different
models of particles. especially with regard to advection. which
is hiquid tlow through the particle intertor. I some cases, we can
simply ignore advection, butin other cases, advection is essential
for a proper description of the observed phenomenon,

The amount of trapped Higuid can be quantitied by one ot three
different parameters. The first way to describe this trapped higuid
is by a porosity 7 that represents the volume ratio of the liquid
and solid phases tnside the aggregate. An altemative parameter
that can be used to describe the trapped liguid is the density of
the aggregate pug,. which is ditferent than the density of the
primary particles o, orthe density ofthe liguid media ... Finally,
we should distinguish between the volume fraction of the
dispersed phase ¢, in the dispersion and the volume fraction
ot solids ¢ .

Of all these parwmeters. only ¢ B casily measurable with
a pynenometer, Neither the aggregate volume fraction gy, nor
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the volume fraction of solids inside the aggregate ¢ is measurable
with a pynenometer, The aggregate density pg,, 18 also not casily
maeasurable.

However, there are known means for measuring the aggregates
size. Light scattering offers one epportunity. as described inrefy
4 and 5. Acowstic attenuation spectroscopy iy also suttable for
this purpose. as will be discussed in detail in this article.

We will show that acoustics vields mformation on aggregate
size practically independently on the fractal numberand wmonng
advection. We do this experimentally using chemical mechanical
polishing (CMP) sibica sturry 88-25 produced by Cabot
Corporation.

There is a large body of theoretical and experimental work

dedicated to the hydrodvnamic and mechanical properties of

fractals, hut very little is known abour their electrieal and
cspccizﬂl) their electrokinetic properties,
However, several electrokinetics papers are dedicated not

specifically to fractals but to porous particles.® ' These papers

can then serve as a basis for interpreting the electrokinetics of

tractals. They describe several pecultanties of porous particles
that are important for fractaly as well

The first one is associated with the additional electrnie
conductivity inside a fractal aggregate. The fractal intenor contams
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Overlapped homogencouns Double Layer
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Figure . Two extreme cases of the double-layer structure inside
the pores.

double lavers surrounding the primary particles. The electrolvte
solutton within the double layer is more conducting than the
extertor medium. It is important to ke into account that this
excessive internal conductivity v assoctated with counter tons
only, cither anions or cations depending on the sign of the surface
charge. The tons transter numbers inside the fractal may be quite
different as compared to that in the bulk as a result ofthe different
concentration ot ions there. Any difference would resuit i a
concentration polarization of the fractal.

The next peculiar feature of fractals is that the externat electric
ficld generates electrosmotic tflow nside the aggregate. The
clectric field penetrates inside and moves electric charges of the
diffuse layer surrounding the primary particles inside the
aggregate. The ion motion involves the surrounding liguid. which
generates macroscopic flow known as clectrosmosis,

Allof these effects depend on the structure of the double layer
mside the fractal aggregate. This structure 15 quite complex
because of the intricate network of channels inside the aggregate.
We do not know how to describe it in general, forany foresecable
channel structure. Fortunately. there are two stmple cases for
which the channel structure is net important. They are described
in some detail m the Theory section.

The first case corresponds to the well-known approximation
of a thin DL in which we assume that the ratio of the Debye
fengtha o the radivs of primary particles ay 1s very smatl. This
assumption is valid for sufficiently high 1onic strength for a
wiven primary particle radius,

When the DLs are much thinner that the averape thickness of
the channels. they do not overlap. For this tirst case of both thin
and non-overlapped DLs. the theory becomes tremendousty
simplitied. It is usually referred to as the thin isolated DL medet.
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The electrophoretic mobility of porous or tractal particles with
thin DL is simply wdentical to the Smoluchowski mobility of the
primary particle it the surface conducetivity is negligible. This
tollows directly from a wonderful feature of Smoluchowski's
theory in which the clectrophoretic mobility s independent of
the shape of the moving object. !> This fact is well known in
the literature. For instance. a short study by Anderson and
Velegol'! feads to the same conclusion.

This cquality of the aggregate and primary particle electro-
phoreric mobility presents one interesting paradox for electroa-
COUSTIC Mmeasrenents.

There are two version of electroacoustics dependimg on the
driving force. In the case of ultrasound as the driving foree. the
cleetric signal is a measured output, It is called colloid vibration
current (CVH. In the opposite case when the electric field s a
driving torce, the ultrasound signal is the measured output, Ir s
called the electricsonic amplitude (ESA)

According to the Onsager principle. ' these two effects should
be symmetrical,

In the case of the porous aggregate, this symmetry becomes
questionable because the electric and hydrodynamic fields are
not svmmetrical with regard to penetrating the msude the
aggregate. The electric tield does penctrate inside even at very
fow porosity. On the other side. an aggregate with low porosity
is not penetrable with respect to hvdrodynamic flow It looks
like this obvious comparison creates asymmetry under the driving
torce of electroacousties. This would fead to the problem in
understunding the Onsager principle validity for the aggregates.

The analvsis and proot that the Onsager principle holds for
the electroacoustics of the aggregates is given in the Appendi,
This theoretical analysis concludes that advection is an essentiad
feature of porous aggregate electrokinetics and must alwayvs he
taken into account.

To verify theoretical predictions for porous fractal particles.
we apply a combination ofacoustic, electroacoustic, conductivity.
and light-scattering measurements of the same fumed sifica slurry,
This is known in the hterature as an example of fractal
system.® 5L

We use three different models 1o interprete these experimental
data.

A separate particles model presents a dispersed phase consisting
of separate primary particles with a size given by image analysis,

A porous particles model presents a dispersed phase consisting
of porous particles with ne advection and no particular internal
structure.

A fractal particles model combines primary particles m fractal
aggregates. [rditfers from the porous particle model by the fractal
relationship among aggregate size. primary size. and particle
porosity ¥, as described below.

Only a model of separate particles takes into account advection,
whereas two other models completely neglect it by considering
particles to be impencetrable to liquids.

{t turns out that the tfractal particle model viclds consistent
results on the particle size for acousties and Light scattering. This
means that advection is not important for these phenomena.

On the other hand. the fractal particle model fails for
conductivity and clectroacoustic measurements. These technigues
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Figure 2. Approximate diagram that illustrates the dependence of the internal DL structure on the aggregate porosity and wee of the priman

partictes.

can be reconciled with the separate particles model, as expected
on the basis of theoretical analysis,

Theory

We present here a deseription of the three different particles
maodels that are apphied later for mterpreting expertmental data.
We also present here elements of theory that are relevant for
interpreting experimental data. Acoustic theory and conductivity
theory do not contain any novel results. whereas electroacoustic
theory does, Ttis related to the vahdity of the Onsager principle
for the porous particles. We present these new results derived
by Shilov in the Appendix.

Models of Particles. We discuss here three different models
of particles that allow us to link particle properties with propertics
of the sohid material. Figure 3 tlusnhutes these models,

Mode! of Separate Homogeneous Solid Particles Referred
to Below as the Separate Particles Model. This is the usual
maodel for characterizing dispersions and emulsions. We simply
assume that particles consistonly ofthe dispersed phase material,
This vields a simple relationship berween densities and weight
fractions

oy = 1, (n

W=y 2
\ N

where index p corresponds to the dispersed phase and index s
corresponds to the solid material,

Modet of Porous Particles Referred to Below as the Porous
Particles Model. This model takes into account the possibility
that part of the Tiquid would be trapped nside the particles with
a complex shape. This might oceur either for naturally porous
materials or for ageregated particles that are built up from primary
solid particles. This model introduces an additional parameter
for characterizing particles. porosity 7. 1t is a volume fraction
ofthe dispersion medium trapped inside the particle. This model

vields the following equations for the relationship between densin
and werght frachon:

= (1 —lp, — p) o, {3

[ WP,
('I‘ﬂ s l — foes - n .
! vy (L= e, L= wip ]

The nature of this model elinvinates the possibility ofadvection.

which ix iguid monion through the particle, because we consider
the liquid inside the pores to be trapped and moving together
with the particle.

Model of Fractal Particles Referred to Below as the Fractal
Model, There is a simple relationship between the radius of a
fractal aggregate that contains ¢ particles {(«;) and the radws of
primary particles ¢, given by

()

The two parameters in this equation describe various types of
aggregate structures, The 4y parameter 15 less important, and its
value ds typically very close o 1 therefore, we omit oy
consideration ot it further analvsis. The o parameter is more
important and usually goes by the name of fractal dimension.
For tvpical dispersions. this number varies roughly from 110 3
It equals 3 for coalescing emulsion droplets. The range of 2.1—
2.2 comesponds to reaction-limited coagulation that results in
rather compact aggregates. Smaller values of this fractal
dimension of less than 1.8 are typical for diffusion-limited
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Model of Separate Particles.

Model of Fractal particles.

Figure 3. Two models applied for characterizing the dispersed
phase in this article.

R coaglation with loose flocs, Finally, a fractal dimension equal
213 to 1 represents linear chain aggregates, '™ !
214 Fractal aggregates contain a certain amount of trapped liguid
215 inside. The amount of such trapped liquid can be quantified by
218 one of three ditferent parameters. The first way to desertbe this
217 trapped liquid is by porosity ¥ that represents the volume rativ
218 of the hquid and solid phases nside the aggregate
a.\ "3
(=1 g, =1- “") (7
ay)
219 where ¢+, 15 the volume fraction of the solid phase inside the
220 aggregate.
221 An alternative parameter that can be used todeseribe the trapped
222 liquid is the density of the aggregate . which is different from
223 the density of the primary particles p, or the densiry of the liguid
294 media gy, and 15 given by
a; 3oy
p:lgg - ”_1 (pp - pm) + Pm (8)
225 A larger volume of aggregates leads to a larger valume fraction
296 of the dispersed phase g, in the dispersion compared 1o the
227 volume fraction of solids ¢
LES1 Senntag, T Shitos ) Vo Gedang B Bichuenteld T Dure, O3 Calfond
Botvn. Ser 1986,
c1o1 Sonntag, HE Floek L Shiloy S ONL Ade Cofloid Enterfuce Seic T8
1o, A7
17 Muller, VoM Phesevaf 1 e U langes und Siabilincar fh drapdinbic
— Coftoids: Tustitute of Physical Chemistry: Moscow, 1082,

I Lushoikoyv, A AL Piskuaov. VoND Kalfaid £ 1977, 39 837,

1 Dukhing AL S Kolioid 2L 1987, 3. 785,

DIV: @xyv04/datal/CLS_pj/GRP_la/JOB_i11/DIV_1a0626120

DATE: April 4. 2007

Dukhin et al.

: 3 —d
(fagg -—{E'_ “

Coalias  \T1

(9

Of the three defined volume fractions, only ¢,

LIy casihy
measwable with a pynenometer. Netther the aggregate volime
fraction g ., nor the volume fraction of solids inside the aggregate
@ 1 measurable with a pynenometer. The aggregate density
Pagp 18 also not easily measurable.

This madel also ignores advection,

Double-Layer Models. The structure ot the double layer inside
the aggregates is quite complex because of the intricate network
of the inside channels. We do not know how to deseribe it in
general for any foresceable channel structure. Fortunately. there
arc two simple cases for which the channel structure is not
important.

The first case corresponds 1o the well-known approximation
of a thin DL in which we assume that the ratio of the Dehve
Tength & ! to the radius of primary particles «y is very small:

xay > 1 (10)

This assumption is valid for sufficientty high ionic strength
for @ given primary particle radius,

When the DLs are much thinner than the average thickness
of the channels. they do not overlap. For this first case of both
thin and nonoverlapped DL s, the theory becomes tremendously
simplified, It is usuatly referred to as the thin isolated DL model.

In contrast. the sccond simplified case corresponds to
completely overlupped DLs. The more the DLy are overlupped.
the less important their structure becomes, Eventually. we can
assume that all interior channels are simply filled with a
homogeneous screening charge. This is the overlapped DLs
model.

Figure 1 illustrates these two extreme cases.

In effect, we can speak of thuee umportant regions corresponding
to the two simple cases just deseribed as well as a third region
of uncertainty that does not fall into either region of simplicity.
We can derive an approximate line that separates cach of the
simple cases from a more complex region of uncerfainty.

We can introduce a critical porosity yi,. that determines the
applicability of the thinisolated DU model, This eritical porosity
oceurs when the shortest distance between particke surfaces is
double the DL thickness and vields the following condition for
the vahidity of the thin isolated DL model:

57
X>X1.\n:l“-—0—'—3ﬁandw,> 10 {1
1)

Similarly, we can introduce a second crtical porosity Yo
that determines the apphicability of the overlapped DLs model.
This critical porosity occurs when the distance between particle
centers equals the DU thickness and yields the following condition
for the validity of the overlapped DLs model:

X = Aove = 1 — 4.18(ka,) (12)

Figure 2 illustrates the lines separating these three regions
depending on the porosity of the aggregate and the parameter
way for the primary particles.

The double fayer contains additional ions. These 1ons cause
extra cleetric conductivity that is usually referred to as surtace
conductivity. There is a dimensionless number that characterizes
the contribution of the surface conductivity in temns of elec-
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trokinetic effects. 1t is the so-called Dukhin number D 251 i
e s small

Dy < (13

then both electrokinetic and electroacoustic theory are espectally
stmple. as described below,

Acousties. The main purpose of the acoustic measurement is
the determination of the patticle size distribution from the
experimental ultrasound atienuation tey, measured as a function
of ultrasound freguency £ To extract this imformation. we need
a theory that would provide a theoretical value of ultrasound
attepuation at a given frequency for a particular particle size
distribution o, (PSD). We have such a theory that s expeni-
mentally veritied for a wide range of sizes from 5 nm to 600 1m
and solid loads from T up to 30% vl This theory 15 detaifed in
ret 220 It takes into account a multitnde of mechanisms that
causc ulrasound attenuation in heterogencous systems.

In the case of solid submicrometer particles, only two
mechanisms from this multitude are important: viscous drag
due to particle motion and intrinsic dissipation in the pure hquid.

In the case of porous particles. one additional mechanism has
recently been suggested by O 'Brien 2 Tt is related to the relaxation
of the pressure gradient in the porous particles. The pressure
vradient reaches a unitorm space distribution inside the porous
aggregate if the ultrasound freguency is sufficiently fow.
Increasing frequency creates lagging of this pressure gradient.
When the frequency becomes very large. the pressure gradient
mside the pores does not react at all. Tt s known that a phase
lag 1s associated with energy dissipation. O Brien presents details
of the theory describing this effect.

There s a certain frequency that characterizes this pressure
gradient phase lag. The value of this frequency was known prior
to O Brien’s work from studies of the oscillating prossure
propagation within a smgle microcapillary == There is an
expression derived in those papers for the critical time that
characterizes this relaxation process 7. which s simply the
recipracal of the entical frequency

(14

where the characteristic length is specified as the aggregate radins
. v s the kinematical viscosity, ¢ 15 the sound velocity, and A
is the Darcy constant. The last parameter can be expressed through
the aggregate porosity ¥ and primary particles radius @) using
the hydrodynamic cell model”™® This leads to the following
expression for the eritical nime

Juatl =y )a["

[second] (5

where £ is the Kosenv—Carman constant (i.c.. ~4).%
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We can use this expression to estimate the importance of this
attenuation mechanism in perous silica that 1s the object of the
experment in this work. Tt tums out that this addittional attenuation
1 negligble for CMP silica dispersions,

This would reduce the exsting theory for caleulaung the
theorenical attenuartion frequency spectra of the tumed submi-
crometer silica down to viscous dissipation. Input parameters
should refleet the particular nature of these particles. These mpui
parameters are an essential part of the general principles
underlving all macroscopic fitting techniques.

These principles state that the particle size distribution that
provides the best theorerical firto the expenmental data represent
the particle size distribution of the real heterogencous systerm.
We can find this best PSD by minimizing the difference between
theory and experiment. This would require a scarch tor the
minimum of the fitting error function Fre:

> il — 0(PSD
ErrpSD) = — (e

There is the danger tor all macroscopie fitting techniques that
several close minima would exist. This fead to several patential
particle size distributions, and we would not know which one
is correct. This danger is real for the acoustic attenuation technigue
as well.

There is only one way to ehimivate the possibility of mulnple
solutions—restrict the number ot adjustable parameters. Our
experience with the acoustic attenuation technique tells us that
we can use a maximum of four adjustable parametors to provent
multiple sotutions. Unfortunately in the case of small submi-
crometer particles with a rather narvow distribution. this number
is even less—only two adjustable parameters,

This tforces us to use PSD with a predefined shape. The most
well known s lognormal PSD. It has only two independent
parameters: median diameter () and standard deviation (o).
The error function becomes 4 function of only rwo parameters
for lognormal PSD:

2\(‘1‘;“‘{ = (. e5)]
Frr(d. o) = [ (17

zax‘\p:

i

It is possible to create a very detailed search for the unique
minima of this function in the 2D space that would abways vield
a unique solution. especially for submicrometer particles.

The usual output of this searching procedure 15 the median
particle size. the standard deviation. and the fitting ervor. The
last parameter is very important for judging the reliabibity of the
PSD that is found, Large values of the fitting error would indieate
problems with the theoretical fit. This is a flag thar the PSD
nught not be correct because of the mistaken mode! assumption
O INpUL parameters

A theoretical description of sound propagation through the
heterogencous system begins wath postulating the existence of
the dispersed phase and the dispersion medinm. It isan absolutely
essential step. No theory of this phenomenon s possible without
introducing the notion of the dispersed phase.

The dispersed phase is a cotlection of finitely divided material
that 15 spread m the homogencous and continuous dispersion
medium. We use term “particle’™ to refor to these elements ol the

I3
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dispersed phase. Particles might have different chemical narures.
but for most seientific purposes, we are dealing with just a single
dispersed phase.

We would Tike to stress here that the mtroduction of these
notions is required for the theoretical description all macroscopic
phenomena in heterogencous systems. such as Hght scattering.
ultrasound attenuation, rheology, conductivity, dielectric permit-
tivity. and so forth.

Asthe next step, we assign cerrain propertics to the dispersion
medium and the dispersed phase. Here we mention only those
parameters thatare important for describing ultrasound attenuation
by the dispersion of submicromerer rigid particies in a Newtonian
hquid.

For the dispersion medinm, we need the density p,, and dvinamic
viscosity . Inaddition, we need the acoustic properties of the
tiquid, which include the speed of sound e, (miés) and the intrinsic
attennation of water oy’ (dB/em/MHz). The speed of sound is
almost independent of the frequency of ultrasound. However,
intrinsic attenuation of the Newtonian liquid is a linear function
of frequency in our units. as it shown by Stokes 150 years ago,
The known frequeney dependence allows us to use just one
number to characterize the intrinsic attenuation of the dispersion
medium. We use artenuation at 100 M1z as this number.

For particles of the dispersed phase, we need just density p,,

In addition, all macroscopic effects would depend on the
volume fraction of the dispersed phase (¢7) or the weight fraction
L)

The mtroduction of the particle density and the dispersed phase
volume fraction ts intuitively obvious. but it is not trivial,

First. we assume that cach particle fills a certain volume of
space. This indicates that there is a well-detined border between
a solid particle and the liquid dispersion medium. In the case of
homogencous particles. the position of this border was defined
by Gibbs a contury ago. ™

However. im the case of composite particles the location of the
border between particles and the hiquid is not well defined, and
unfortunately it 1s not unique, An interpretation of the macroscopic
phenomena demands the introduction of this border. 1t would be
impossible to build a theory without this step.

An mtroduction of the well-defined particle volume is also
required tor linking particles properties with known properties
of the solid marerial of the dispersed phase. We do know and
can casily measure with a pynenometer the density of the solid
matertal that makes the particle p.. weight fraction wy, and volume
fraction ¢, of solids i the Higuid.

This model also requires information on the primary size. It
is possible to use this parameter as adjustable instead of the
standard deviation, This means that for the purpose of fitting the
attenuation spectra we consider 4 monodisperse collection of
aggregates with the same size and the same primary size. These
two numbers are adjustable pavameters in eg 17 instead of the
median size and standard deviation of the lognormal PSD.

Electroacoustics. Debve?” first predicted an electroacoustic
effect 70 vears ago. In cither electrolyte solutions or dispersions,
the effect 1s related to a coupling between electrodynamic and
mechanical phenomena. For instance, the transmission of
ultrasound through an clectrolyte solution or dispersion gencrates
acurrent, which s usually referred to as an ion/colloid vibrational
current. Commercial instruments used to measure this effect are
available for the purpese of determining the ¢ potential of
dispersed particles in liguids.

Experimental output of the electroacoustic measurement is
the celloid vibrational current {CVD magnitude and phase. They

Q71 Debve, P4 Chenr Py, 1933701316
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are usually converted to the dynamic electrophoretic mobility
and < potential, which are considered to he outputs of the
¢lectroacoustic technique. This conversion procedure requires a
proper theory. There are several versions of electroacoustic theory
Here we use two of them.

The simplest version ot electroacoustic theory is valid for
sufficiently small particles with thin DL and negligible surface
conduetivity, when conditions 10 and 13 are valid, Tlectroacoustic
theory reduces for this case to the Smoluchowski theory for
dynamic mobility, as shown in ref 28 This Smoluchowski version
of the electroacoustic theory vields the following expression for
(G}

(‘\“'lw o f'mf“;(;f\'\ (pp N
VP K, o,

(18)

where P is pressure in the sound wave, ¢, and ¢, are the diclectric
permuttivities of the media and vacuum. ¢ is the volume fraction
of the dispersed phase. 7 is dvnamic viscosity, py. pn. and py are
densities of the particle, media. and dispersion, and K. and K,
arc the conductivities of the system and media.

Expression 18 also negleets the inertia of the particles. This
assumption is valid if particles are sufficiently small for a given
frequency,

In addition 1o the Smoluchowski theory, there is a version of
the theory that still assumes a thin double layer but takes into
account the surface conductivity effect. Tt is derived in refs 28
and 29 and given in ref 22:

(‘\“7[ 26”&“1;('/‘(‘0}1 - 0~) \

= Eum—— €1 COTCI BV (N P TTRIY
VP 3np, Py '
{19y

Values of functions ¢ and £ are on p 171 in ret 22,

This equation contains two unknown parameters: the &
potential and Du. We can use a standard double-laver model to
relate Du to the ¢ potential

expl 3
Du = ———L&Y; (20)
Kt

where 7 1s the Faraday number. & is the gas constant. and 7 is
the absolute temperature,

Combining eqs 19 and 20, we can caleulate the £ potential
from the measured CVImagnitude and then caleulate the Dukhin
number.

All of these caleulations also reguire the density and vohune
fractions of the dispersed phase. We take these numbers for
different particle models presented above.

Conductivity. There is a well-known theory that describes
the conductivity ot liquids on the megahertz range of ultrasound
frequencies. 1t is the Maxwell— Wagner—O Konski theory 10

In this particular case, we can use a low-frequency limir of
this theory.¥ This simplification is justitied by the fact that the
frequency ofthe measurement 1s much smaller than the Maxwell —
Wagner frequency for the observed range of conductivities. The

28 Dukbin, A S OShitov, MoV Olshima, H Goete  PLE Lasngmndr 1999,
15,6682 6706

(20 Dukbiing, AL S Shitey, VNG Bodkovskaya, Y L F9O9 5 s

3457,

30y Maxwell, 1O Blecrrcine and Magnesivae Clarendon Press: Oxford,
Lugland, 18920 Vol |

(3w KW Aol fledirorech, 1914 20370

(329 ()'K()ngk\ b L Pl Chem 1960, 640 605 612,
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Characierizution of Fractal Parficles

measurement frequency is 3 MHz, whereas the Maxwell~ Wagner

frequency for 0.5 S/m conductivity is about 115 Milz,

Thereisa simple expression for the low-frequency conductivity
derived on the basis of both Maxwell-Wagner theory'™* and
the Shiloy —Zharkikh cell modet:

AL L+ Du— gl = 2D a1
Ko 14+ Du+ 035601 — 20w =

There 15 a parameter in this expression that determines the
contrtbution of the particle surface conductivity—72r, the so-
called Dukhin number~*=! We can use experimental conductivi-
ties to caleulate the values of this parameter in both models,
separate particles and fractal.

It 15 important o mention that the Di parameter not only
reflects the surface conductivity for nonconducting particles but
also characterizes n the case of conducting particles the
contrthution of the internal particle conductivity to the condue-
fivity of the dispersion. For conducting particles. we can nse the
following equation for Du

Du = - (22)

which simply converts eq 21 to the Maxwell—Wagner equation
for conducting particles.

This means that values of D calenlated for the fractal model
reflect not only the particle surface conductivity but also the
internal conductivity ot the aggregate,

We also use the conductiviry to estimate the double-laver
thickness & ' There 1s an expression that relates this parameter
to the conductivity and dielectric permittivity of the media plus
an effective diffusion coeffictent. " It is derived from the two
mterpretations that exist tor the Maxwell—Wagner frequency,
anpw. From DL theory, it 1s the frequency of the DL relaxation
to the external field disturbance. From general electrodvnamics,
101s the frequencey at which active and passive currents ave equal,
Thus, enaw can be detined by two expressions:

D

o T M T T
Hhm

We assume that the effective diffusion coetficient in water is
10 < em¥s. This assumption allows us to estimate the xa values.

Instruments

Altogether we use a light-hased mstrument, an ultrasound-based
mstrument, a TEM, & conductivity meter.

The hght-hased instrument was o Malvem Zetasizer 3000118 4.
Phe instrument measures particle size using the light-scattering
techmigue known as photon correlation spectroscopy (PCSY, which
is an absolute method based on Brownian maotion. The laser source
Light s oriented at 907 with respect to the detector, The calibration
was checked with 30 nm latex standard (30 nm + 2.0 un) trom Duke
Scientific {cut. no. 3050A: exp date. Mar 07) of Palo Alto. CAL Two
drops of this standard was added to a 7/ full cuvette filled with 10
M sadiom hvdroxide solution. The cuvette was capped and shaken
to ensure proper mixing. The cuvette containing the standard was
then placed inthe instrument and analyzed to cheek the calibration.
A mean value of 303 nm was obtained for the 30 nm calibration
particies. The process was repeated for the silica samples using two
drops of concentrate that was diluted with the same | mM sodium
chioride sotution.

P3N Shitov, VONG harkih, N Borskovekava, Yo B Aoffoid L1981, 5,

434 43R
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The nltrasound instrument used 15 a Dispersion Technology mode
D-1200, which cantains both acoustic and clechoacoustie sensors
as well as a built-in conductivity probe. Details are avaitable at
www.dispersion.cont and i ret 22,

The main purpose ot the acoustic measurement is the determination
of ultrasound attenuation at various trequencies. The DT acoustic
sensar works on the “transmission”™ principle. A piczociectric
transducer converts an input electrical tone burst to an ultrasound
pulse of a certain frequency and intensity 7, and launches it into the
sample. The intensity of this pulse decreases as 1t passes through
the sample as @ result of the interaction with the fluid. A second
prezoclecti transducer converts this weakened acoustic pulse with
intensity £, back to an ¢lectric pulse and sends it to the clectronics
for conparison with the initial input pulse. The total Toss and tme
delay from the fnput to output transducer for each fregueney wind gap
can be considered to be the raw data trom which turther interpretation
s made.

It isconvenient to present these raw data i terms of an attenuation
coetticient G,y defined as

1O

oy =

(24

—

2

Hz){em) ' it
where /s the frequency of the pulse and £ s the distance between
the transmitter and receiver.

The typical frequency range tor attenuation measurement is | — 100
MUz, and the typical gap range 1s ttom 0.3 to 20 mm. The precision
ot the measwement s 000 dBionvMHBz. and  the mavinum
attenuation measured with DT instruments is limited by 20 dB
cmMllz

The attenuation measurement is closely tinked to the speed of
sound measurement. One needs to know the speed of sound for
sampling pulses at the proper time. A D'T-1200 acoustic sensor wias
used to measure the speed of sound ¢ using the time-ot-flight method
The wstrument measures the delay time between emitting and
recerving the pulse s foraset ot gaps. The speed of sound is obtained
trom the lincar regression ¢ = L. It is usually done at a single
frequency

The attenuation frequency spectrums is a source of information for
calculating the particle size distribution using theory as described
above i the Theory, Acoustics section. DT software allows the
testing of different particle models with particular scts of input
parameters, as deseribed above i the section Theorv, Models of
Particies.

The DT-1200 electroacoustic sensor employs an etfect predicted
by Dobyve™ 70 years ago. neither electrolvte solutions or dispersions,
the effect is refated to coupling between electrodynamic and
mechanical phenomena. Forinstance, the transmission of ultrasound
through an electrolyvte solution or dispersion generates a current that
1s usually retorred to as anondcollold vibrmtional current. Commercial
instruments used o measure this offect are available for the purpose
of determining the < potential of dispersed particles in liquids. We
use the electroacoustic sensor of the DU-1200 as our 7eta potentia!
probe. Inside the probe, there isa plezoclectric transducer that converts
an clectrical tone burstsignal to a sound pulse that is then transmitted
to the front face of the probe and into the coltoid. The colloid
vibrational current (CV1) between a central gold clectrade and a
surtounding annular electrode [s measured electronically. This signal
is then converted into a I potential of the particles using appropriate
equations, as described above inthe seetion Theory, Electroacoustios.

Uhe frequency of the measurement s 3 Mz by defndt, but the
user can change it. The number ot collected pulses 1x antomatically
adjusted to mmprove the signal-to-noise ratio. The software uses the
reflection inside the probe for the automatic calibration of the pulse
intensity. The measurement ot the DU standard (10 wt 4 silica
Ludox) calibrates the eleetric fickd geometryv, There are several
detailed studies of this material overviewed inretf 220 An acaustic
measurement vields 29 nm particles with the precision of a traction
of a nanometer. An independent microelectrophoretic measurenment

ot the supernatant diluted svstery and assuming the use of

Smaluchowsks theory give an electrokinetic potential ot —38 mVy
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Figure 4. Attenuation spectra measured for silica Semisperse §825
atthe original weight fraction and several dilutions. For comparison.
we alsa show the attenuation of the colloidal silica Ludox TM with
asize ofabout 30 nm. The attenuation of pure water is the hackground
tor calceulating the particle size distributions

The conductivity probe of the DT-1200 functions at a 3 Mliz
default frequency. This eliminates the effect of electrode polarization
and allows the use of u simiple two-clectrode desian. The precision
of the measurement is about 1Yo, and the probe must be calibrated
with conductivity standards.

Materials

We used a commercial CMP material manufactured by Cabot
Microcleetronics Corporation and reforred to as Semisperse 8823,
It is a polishing shurry made trom fumed silica. This tfumed silica
s composed of aggregated particles and is known tor its fractal

structure. No sample preparation wis involved tor the first set of

acoustie, clectroacoustic, or conductivity measwrements: the samples
were measuied neat.

Wealso made asecond set of measurements on samples that were
i fact diluted 2:1 with distilled water.

To obtais the propertics of the equilibrium media, we centrifuged
hoth the neat sampie and the diluted sample to obtain a supernatant
devoid of particulates. This supernatant provided intormation on the
conductivity of the equilibriom media

Experimental and Calcnlated Data

We present results obtained with different techniques w this
seetton. The next section presents a cross comparison of these
results,

Acousties. Expernmental attenuation spectra measiwred for silica
samples are shown in Figure 4. We show results for some other
systems. including pure water, for comparison, Figure 5 illustrates
the reproducibility of the attenuation measurement. We can use
these attenuation spectra to caleulate particle size distributions
(PSD) tor all three models: separate particles, porous particles,
and fractal particles.

These caleutations are simphitied because we can consider the
pressure gradient to be quasistationary inside the particles.
Expression 13 vields the value of the entical frequency for the
pressure relaxation side the particles. In the given case of the
fractal silica with aggregate and particle sizes of about 170 and
30 am, respectively. this frequency equals 4 x 105 Mz It is
much higher than the frequency ofthe measurement. Thatiswhy
we can 1gnore the additional attenuation mechanism prediered
by £’ Brien* and take into account only the viscouns drag of the
particles

@xyvOd/data l/CLS_pj/GRP_1a4TOB_i11/D IV _1a0626120

DATE: April 4. 2007

Dukhin o1 al.

L EN L MR AN ]

Figure 5. Reproducibility of the attenuanon measurement with
Dr-1200.

An application of the porous particles model requires
information on porosity. but it is unknown. However, we can run
a set of caleulation for several different porosities and compare
ourresults with independent methods. Figure 6 shows the median
size tor different porosities and the fitting evvor, It also presents
the size range coming from independent techniques, It is seen
that this theory yields results that are consistent with independent
methods it we assume that the porosity of the particles is between
40 and 30%.

This means that half of the particle hvdrodynamic effective
volume is filled with warer. The effective density of the aggregate
ts abour 1.6 giom’

[t is interesting that the fitting crvor goes up sharply at higher
porosities. Thismeans that this model will not be able to deseribe
ultrasound attenuation and other hydrodynamic offects at higher
porosities, above S0%,

Unformanately. we cannot determine the porosity trom the
acoustic spectroscopy. Consequently. we cannot point toward
one particular aggregate size using this model.

Fortunately. the fractal model resolves this problem. Instead
of porosity. the fractal number plays the vole of unknown input
parameter i this case. Again. we can caleulate the aggregare
size for all possible values of the fractal number. These data are
shown in Figures 7 and 8. The size of the primary particies
shown 1 these Figures 1s the second parameter caleulated as
adjustable from attenuation spectra. as described in the section
Theory, Acoustics.

Tt s clearly seen that size of the aggregate is practically
mdependent of the fractal number below 2.8 We can use
practically any value of'the fractal number to fit the experimental
attenuation and get the correet o gate size,

What 1 mportant s that this size value agrees well with
independent light-scattering measurements (Figure 10).

Image Analysis. Figure 9 shows an example of an image of
a fumed silica aggregate. The mass-weighted primary particle
diameter for this grade of fumed silica is approximately 28 nm.
as measured by transmission electron microscopy. This photo-
graph and information were provided by Dy, David Boldridge.

Light Scattering. Figure 10 illustrates the particle size
distrtbunion measured with a Malvern PCS bght-scattering
mstrument. It reports the particle size distribution on a volume
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Figure 6. Apgregate sizes and theoretical titting ervor calculated for the original Semisperse 825 siliva slurry with the porous particle mode!

tor ditferent vatues of the aggregate porosity

basis. Values of the mean particle size are reported in Table |
for both original Semisperse $8235 and the orignal solution diluted
2-fold.

There ts one important assumption employed for calculating
the particle size distribution in this method. Particles are assumed
to be hard spheres. Theory does not take into account possible
liquid motion inside the aggregates or deviation from the boundary
ship condition on the surface of the aggregate. The density of
neither the particles nor the aggregates affects the caleulated size
distribution. In this sense, this model is similar to the fractal
model.

Conductivity. Mcasured values of conductivity for the silica
sumples and their supernatants are given in Table 2. Theory
presented in the section Theorv. Conductivity allows us to
caleulate the value of the Dukhin number. Du, und the relative
double-laver thickness. sa. These values are shown in Table 2
as well.

Electroacoustics. Table 2 presents values of the C potentials
and I numbers caleulated from the measwed CVT using ditferent
madels of the silica particles. These caleulations require the
density and volume fraction of the dispersed phase. We take
these numbers from the acoustic data. listed in Table 1 for both
the separate particles and fractal models.

There is one more parameter required tor these caleulations—
the particle size. We use the value given in the section Image
Analvsis for the size i the separate particles model. [ts 28 nm,
In the fractal model, we use the size of the fractal aggregate

coming from acoustics (Table 1) This value agrees well with
light scattering,

Valnes of the dispersion and media conductivitics come from
the conductivity experiment presented in Table 2.

Discussion

Using several techniques to characterize the silica shury, we
have achieved the possibility of comparing therr results
deriving some conclusions from this comparison.

First, there is good agreement between the aggregate size
provided by acoustics with the fractal model and light scattering
{Table 1)

Atthe same time. the separate particles model fails completely
for sizing.

This 15 an indication that advection hydrodynamic flow 1s not
that important for caleulating an adequate particle size from
ACOUSTICS attenuahion spectra,

This particle size has a well-defined meaning. It is the diameter
of a sphere that dissipates as much energy moving relative to the
figuid as real sifica fractal aggregates. This diameter is usualh
referred to as the equivalent hvdrodynamic sphere diameter

In the case of electrekinetics situation the reverse is true: the
fractal mode! fails. but the separate particles model succeeds
very welll We come to this conclusion by comparing vadues for
the Dukhin number coming from conductivity and CVI mea-
surements {Table 2).

What is the reason for this difference? Image analbysis clearty
and unambiguously tells us that these sihica particles are actually

and
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different values of the fractal dimension.

fractal aggregates. Acoustics requures this mformaton for a proper
mterpretation of the experimental data, An alternative porous
particle model s inconclusive because we do not know the actual
porosity of the particles. Consequently. we cannot come up with
a certain aggregate size. Varous values of the porosity would
vield different size. as shown i Figure 6.

The fractal partictes model tums out to be superior for acoustic
sizing. It vields the size of the aggregate independently of the

fractal number. The fractal number determines the density and
weight fraction ofaggregates but not their size. Most importantly.
we can ignore advection when caleulating the size using this
model.

In contrast, the interpretation of the electrokinetic phenomena
requires one fo ignore the organization of the particles in
aggregates, This occurs because we are dealing with a svstem
that 1s close to the Smoluchowski range.
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Figure 9. Image of the silica aggregate.

There are tvo requiements that determine the Smoluchowski
ange: thin DL {eq 101 and neghgible surface conductivity {eg
131, Both requirements are almost valid for this silica dispersion.

According to the data in Table 2. the xo parameter e about
Y de e e the range where DL s sull thin compared o the
primary particle size but deviation trom the Smoluchowski theory
becomes meusurable,

The sttuation wirth the other parameter—the Dukhin number—
is similar. According to the conductivity measurements (Table
23t s abour 0.2, Thas value much smaller than . but surfuce
conductivity becomes o measurable factor

It seems that this silica dispersion is just bevond the validity
ot the Smoluchowski law. This means that some features of the
Smoluchowski law are soll valid for this svstem.

Smoluchowski theory has a wonderfui teature—it predicts that
clectrophoretic mobility is independent of the shape of solid
particles when this theory is valid. A single silica particle would
move inan clectric field with the same speed as a fractal aggregate
built from many such particles.

Will this independence with respect 1o shape hold when we
use ultrasound as a driving torce. instead of the electric field?
On one side, it must hecause of the Onsager principle. ™

It turns out that it does as a result of the Onsager principle.
tis shown in the Appendix that the Onsager principle holds for
electroacoustics of porous aggregates because the pressure
gradient can penetrate mto the porous particle even when liguid
flow through it is practically zero, This pressure gradient creates
a hgquid veloaity gradient in the vicinity of the pore walls,
Ultrasound-mduced current depends only on the gradient of the
liquid velocity. not on the velocity itself.

Here we can simply conclude that the separate particles model
succeeds because we are dealing with a system in close proxininy
o the Smoluchowskt regime. where the shape factor s not
important for electrokinetics.

Conclusions
Acoustic spectroscopy yields sufficient intormation o caleulate
the size of the fractal aggregates. The basis of this caleulation
constitutes the simplest fractal particle model that neglects
advection. It proves 1o be adequate for results of both acoustic
spectroscopy and hight scattering when particles are sufticiently
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smail, Within the constraints of this fractal particle model, the
measured size ot the fractal dggregates 5 not dependent on the
fractal dimension.

This simple fractal particle model does not work for clec-
trokmnetic phenomena of porous particles. It contradicts e
essential consequence of the Onsager principle of the symmetry
hetween electrie and pressure driving forees. This contradiction
can be resobved ifone takes into account the intermal Hiquid flow.
It arises within the porous particles even with low porosity as
a result of the pressure gradient that penetrates into the particles
at any porosity, The fractal particle model with no advection
ignores any internal nreversible phenomena within the aggregate.
Therefore, itis inapplicable to electrokinetic and clectroacoustic
phenomena. We proved this conclusion by comparing the resules
of conductivity and electroacoustic measurements.

However. the separate particles model that completely fails
for particie sizing by acoustics succeeds for electrokinetic
phenomiena. Ithappens in this particular case when double lavers
are thin and the surface conductivity s relatively low. These two
conditions indicate that this particular sifica dispersion ts in close
proximity to the Smoluchowski range. Smoluchowski theory
predicts the independence ofthe electrokinetic and electroacoustic
cffects with respect to the shape of'the particles, when it s valid.
Scparate particles move with the same dynamic efectrophoretic
mohility as fractal aggregates if the eleerric field is a driving
force. In the case ofultrasound as a driving force, Smoluchowski
theory should retain its features according to the Onsager principle,
as shown in the Appendix. The independence of the dvnamic
mobility with respect to particle shape 1s the reason that the
separate particles model suceeeds for these small silica particles.

Acknowledgment. We express our gratitude to Dr. David
Beldridge of Cabot Microelectronics Cerporation for providing
data on the image analysis of this tfumed silica.

Appendix: Onsager Principle and Direct Calculations
of Electroacoustic Phenomena for Porous and Fractal
Particles

We have concluded that agreement between microclectro-
phoeresis and clectroacoustics can be achicved when we use the
density of the solid material instead of the average aggregare
density to calenlate the O potential from CVL This conclusion
requires an explanationof how streaming current develops inside
the aggregate despite its low hydrodynamic permeability that
prevents almost any hydrodynamic flow inside. This Appendix
offers such an explanation,

The basis of our conclusion is ¢xpression 12 for CVIL It has
been derived from the Smoluchowski law using Onsager's
symmetry relatienship. It inherits o wide validity vange that is
peculiar for Smoluchowski law. 1t is valid for any particle shape
and concentration, For the case of a dilute system when the
density and conductivity of the dispersion are almost identical
to the same properties of the media. eq 12 reducesto the following:

(‘Vlm 0 _ ¢ m( (,fg(/»\’ (pp B pm)
ve N P

(1A)

Both egs 1 and 1A contain the density of the solid material
independently ot the shape of the particles. This allows us to
model the aggeregate as o single particle with a very complex
shape but with the density of the solid matenal only. This leads
to the validity ofthe separate solid particles model for deseribing
electroacoustics m the aggregated dispersions when Smolu-
chowski™s faw is vahd.
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Figure 10. Particle size distribution obtained on 3

‘Table 1.

Malvern hght-scattering instrument

Median Particles Sizes and Other Parameters Characterizing the Original and 2-Fold Diluted Silica Semisperse 8825
Dispersion within the Scope of the Two Different Meodels of the Dispersed Phase”

ACOUSEC SPeCLtoscopy

separate particle model

fractal particle model

fight seattering

dilmed 1

8825 dituted 1:1 SN25 dituted 1:1 SK82S
agpregale siZe, nm 1882 186.8 S8 407 5542402 171 &4
density particles 22 22 A4 4 0.01
133 67 1ol £03

volume fraction of
the dispersed phase

“In the case of the fractal model, the density and vohame fraction of the dispersed phase are caleulated from the acoustic attenuation spectra. In

the case ol the separate particles madel, these parameters are assumed as bemg known independently.

However. this is not the directly derived result, It follows
from the Onsager relationship but not from the divect analysis
of the clectroacoustic phenomena inside and outside  the
ageregates. That is why it remains unclear as to how interior
diffuse layers ivside the aimost nonpenetrabie hydrodynamicatly
aggregate move relative to particles and contribute to CVL

Toresolve this seemingly paradoxical conclusion, we perform
direet calculations of the hydrodynamic and clectric ficld
generated by ultrasound inside the aggregate. The aggregate and
swrounding liquid move with acceleration in the ultrasound wave.

This generates an inertia foree, which mn turn induces a pressure
gradient Vp,,. This pressure gradient is responsible for the hguid
flow inside even dense aggregates.

We can derive an expression for Vpg using the equivatency
hetween inertia and gravity, We can infroduce a homogeneous
ravity field with acceleration /3 that 1s assumed to be equal to
the acceleration generated by inertia forces in the nltrasound
wave. This gravity would generate a homogencous hvdrostatie

pressure gradient ¥V p, = —py/3 in the liquid and Vp, = —py/i
in the particles, The local acceleration in the ultrasound wave
can be presented as the ratio of the pressure gradient in this wave
Vp 1o the density of the dispersion p.:

This leads to the following expressions of the pressure gradients

in the Higuid and in the particles:

v/"m -

Vp, =

Let us consider the balance of force exerted on the particles
in some volume element O F, where they take a volume ¢ o and

Sh1
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pa
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Table 2
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DATE:

April 4. 2007

Langmuir M

Summary of the Conductivity and Eleetroacoustic Measurements of the Oviginal CMP Slarey Semisperse 8825 and the Sharey
Dituted 2-Fold with Distilled Water

separite particles model

original S825

diluted 2-fold

fractal particte model

origimal 8825

thlllu.l 2-lold

conductivity of 0.522
dispersion, San

conductivity of 0.577
supertatml S

volume fraction of 133

dispersed phas

Dy tromy condue vty 0.206

awedian dimerer for 28
caleulatimg S dmn

density of particles 22

Ao 830003
Zoa — Smoluchowski {mV) =331 40109
: o~ advanced (m\V) —43.6 03
D from 0.195

cleciroacoustics

the residual volume (1~ g 30 F belongs o the fiquid. There are
pressure forces apphied to the mteror and extertor of the
interface: ¢ OFVp, = ¢ ooyl and —¢ 0V, =~k pup.
respectively, The sum ot these forees is not zero when py, differs
from gy, This summary foree generates relative motion between
the hiquid and particles. which 1s described by the coupled phase
model (refs 34 and 35y I we select particles as a fixed frame
of reference. then the motion of the higuid can be deseribed as

filtration through the particle diaphragm under the influence ot

the effective pressure gradient Voo {ret 28} This relative motion
is quasi-stationary at low frequencies, and Yo equals

_4lpy e )

In the case ofa dilute system, when p, =
becomes the Tollowing:

= pp. the lastexpression

- ({ ( ‘)H xu - -
p,, = R ——K (2A)

This expression indicares that the effective pressure gradient
caleulated per umt volume fraction m dilute systems s
independent of thenr relative posinons, This means that the
aggregate with a volume Fy and a volume fraction of solids ¢4

owld experience the samie effective pressure foree ¢ Vpaal 'y
as the total foree acting on the separate particles that build this
aggregate. The last one should be caleulated by assuming that
these particies are spread homogencously with an average volume
fraction ¢ in the farger volume ==
average pressure gradient Vo

= Fay 'y and experience the

NP A= V,n}

[SEN

This vields the following expression for the
gradient inside the aggregate

§

\k'.f)c['\ = \TIJ)\‘YT/% (3A)

We can conclude that the ultrasound causes lguid filtration
through the aggregate by means ofthe oscillating pressure gradient
that is proportional to the velume fruction of particles in the
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0.301 {.577 0.300

6.7 207 1ol

.207 L33 0.3714

2% 170 P70

22 1.5% |44

6+ 0002 517 NN

-333 4+ 013 35042023 =31+ 013
—-303 £ 021 —52.7 £ 042 —434 4024
01.260 .053 0068

Ay Hlarker, AL T
| S8R
A3y Gibaon, RO

e b ALGL Piee 30 dped fins 1998 27 1576

e PORGONIOTOIS {R3d

Cloksor, MR desna Sex

aggregate. Aggregate hvdrodynamic resistance increases much
faster than lincarty with increasing particle volume fraction.
Conseguently, the iquid flow rate through the aggregsate decreases
rapidly with mereasing particles volume fraction.

Nevertheless. the streaming currentinside the aggregare would
not decrease. unfess condition 10 1s valid. It is the tact that must
be taken o gecount to explam it

First of all, hiquid flow inside the thin diffuse laver forms m
close proximity to the surface. Its rate relative to the particle has
only the tangential component 7, which may be represented as
where v s the distance from the surface.
Consequently. the electric streaming current generated by the
Tiquid flow inside the thin ditfuse layver is not proportional to the
ligund flow rate through the aggregate. which diminmshes fin
dense aggregates. Instead, it is proportional to the normal
dervative ofthe tangential flow velocity, doeite. This concelusion
follows dircetly from the well-known expression for the surface
streaming current densify (per unit fength ot the contour traced
at the surface and perpendiculary in the thin DL:

vo= aedox x

0=

The same normal devivative determines a local viscous stress
that the aggregate surface exerts on the liquid:

Combining eqs 4A and SA, there is geometrical similarity
between surface streaming corrent in the thin DL and viscous
stresses on the surtace between the aggregate and liquid:

(OA)

Letus consider now the balance of forees thar act on the liquid
withm a small velume element. This element 1s a evlinder that
is ortented perpendicular to the ultrasound wave vector and has
a height Oz that is much smaller than the evlinder diameter. This
clement 1s a cvlinder of height o= that is much smaller than the
cvlinder diameter. The base of the eylinder is oriented perpen-
dicularly to the wloasound wave vector.

There are two forces acting on the iquid within the cylinder:
the viscous force OF . generated by the particle surface and
pressure toree OF,; caused by reighboring hgurd layvers, The totad
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force acting on the liquid inside the eylinder equals the sum of
these two forces of, . and oF,

N =0F +0F = (5:('];’1'\ dl) = 02sVp

where £ is a contour formed with the crossing of the particle
surfiace by the flataess. parallel to the base of evlinder. and s 15
the buse area

According 10 the second Newtomian law. force oF must be
equal to the inertia force induced by the acceeleration in the
ultrasound wave. This inertia force is negligible when the pressure
gradient in the ultrasound wave varies slowly with sound, which
feads to the conclusion that at low frequencies the total foree 0F
== (). Thus. under this condition

(7M)

and. in accordance with cgs 0A and TAL the macroscopic density
of the streaming current that crosses the evlinder equals

.. e . Emn
()= - [ [ dl = ——Np
Pe ”

Substituting Vpers from eg 3A and taking into account eg 2AL
we obtain the following relationship between the streaming current
density inside the aggregate and the pressure gradient in the
ultrasound wave:

o ™ P
Y 7
O

DIV @xyv04/datal/CLS_pj/GRP_I/JOB_i11/DIV_[a0626120

DATE: Apnl 4, 2007

Prikivin er af
The contribution of the all aggregates to CV1in the dilute

dispersion comes up as the streaming current in the aggregafes
multiplied by their volume fraction:

(8AD

The product of volume fractions gpay 4 is just equal to the
volume fraction of the dispersed phase in the aggregated
dispersion:

AN {UAS

Therefore. this direet calenlanion of CVI in the aggregated
dilute dispersion of particles with a thin DL and a small Bukiun
number leads to the same result as eq 18 independently of the
shape of particles and aggregates. The last one had been derived
using the Onsager relationship. This means that our direat

dertvations basically confirmed the validity of the Onsager

principle for electroacoustics in the aggregated system. The kev
point is the realization that the electric streaming current 13
proportional to the normal derivative of the tangential flow
velocity but not to the Tiquid flow rate through the aggregate.

which decreases for dense aggregates.
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