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Abstract

In this paper we present measurements of the electropbonetbility of colloidal particles
by using heterodyne detection of light scattering. The mesments have been done up to
concentrations of 5.4 % of silica nanoparticles, with a ditan of the order of 80 nm, in a
mixture of 70 % toluene and 30 % ethanol. In order to make ptesshe measurements at
these concentrations the liquid mixture is chosen as tohnidte index of refraction of the

particles, thus resulting in a transparent suspension.
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Introduction

Particles of various sorts often acquire charge when areeirs@a in low conducting liquids. The
electric repulsion between the particles contributesdbibze the suspension. Although this sta-
bilization is in general weaker than for aqueous media,df ismportance in some industrial areas,
such as printing and xerography, and from a fundamentat pbwiew.

The charge on the particle surface induces the accumulafi@ns of opposite sign around
the particle. This gives rise to a structure known as the lolayer. When an electric field is
applied to a suspension of charged particles, a force appedyoth parts of the double layer. This
force moves the particles with respect to the liquid with ey proportional to the applied field.
The coefficient of proportionality is referred to as the &@ghoretic mobility. This phenomenon
was observed for the first time by Reuss in 1809. Smoluchodeskeloped the first theory of
electrophoresis for one insulated particle when the zetianpial is small and the particle radius is
much larger than the Debye lengita > 1 (ais the particle radius angi~?* is the Debye length).
His well known solution for the electrophoretic mobility is

_ &é&od

HE n 1)

where L is the electrophoretic mobilityg, is the relative permittivity of the liquidgg is the
dielectric permittivity of the vacuuny, is the zeta potential angl is the viscosity of the liquid.
On the other hand, Htickel obtained the expression of thelitydloir particles with a thick double

layer ka < 1)
_2¢&&(
He = 3

(2)

Later, Henry joined both electrophoresis relatianthin an analytical expressidhat is valid
for a single sphere with small zeta potentials and arbitdayble layer width. He included the
function f(ka) in the Smoluchowski expressi@iienry = Usmolf (ka). Functionf(ka) is known

as the Henry function, this function is 1 whea — o« (Smoluchowski approximation) and it is
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2/3 whenka — 0 (Huckel approximation). For thick double layersa(< 5), the Henry function

isl

(ka)?2 5(ka)® (ka)* (ka)®

f(ka) = < _ _
(k&) =3+ 72 144 144
(ka)*  (ka)® Ka/Ka e
-l—[ 1 144 e o dx... 3)

Both Smoluchowski and Henry solutions did not include hggreamic interactiondbetween
neighboring particles.

For a finite volume fraction, even without taking into accbbgdrodynamic interactions or
double layer overlap, the electrophoretic mobility deygeoi the volume fraction for the following
reason: whenthe particle moves in one direction, the same volume of diduas to movein
the opposite direction. This back flow results in a depenéesfcthe mobility on the particle

concentration a8

He (@) = pe(0) [1— @], 4)

where¢ is the particle solid fraction.
Additionally, when the suspension is composddnsulating particles, they alter the distribu-

tion of the applied electric field.This fact contributes a ¢ /2 to the expression gig

He($) = e (0) [1- 30+ 04| ©)

where O(¢?) denotes terms of orderg? and smaller.

Reed and Morrisohstudied the hydrodynamic interactions for pairs of paggalith a thin
double layer as function of the interparticle distance. yTsigowed that hydrodynamic and elec-
tric interactions cancel each other when the particles tia@esame zeta potential. In that case,
equation (5) is expected to describe the electrophorethulityo

However, when the particles have a thick double layer, ttexaction between them becomes

more complex. As a consequence of the interactions, th&edmretic mobility decreases gs
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increases more quickly than predicted by equation (5). idase, the mobility 1§°

He(9) = He(0) [1+Sp +0(92)], (6)

where the coefficiers depends on the parametes. Whenka is smaller than 20, this coefficient
decreases quickly. The caserxaf as low as 1 has been numerically addressed in Shugai’s fvork.
Forka= 1, Sis much less than -3/2.

For the case of the agueous media there are some experiratabphoretic studies, where
the effect of the particle concentration on the mobility isagured:1° In our work, we focus on
non aqueous systems.

For concentrate suspensions the use of the electrokinetiosic amplitude (ESA) effect
is a suitable technique of measurement: However, ESA works in the MHz range and the
results rely on some theoretical assumptions concerning éhgeneration of the sonic wave.
Optical techniques are still of application for concentrae suspensions if the liquid is chose as
to match the index of refraction of the particles, renderingthe suspension transparent.

We study suspensions of silica in a mixture of ethanol and takene with a technique of
photon correlation spectroscopy (PCS). In spite of the facthat there are some commercial
apparatuses available, we have used our own system for twoasons. First, we can apply
higher electric voltages. Second, we have a better controf the data analysis.

We will first recall the theoretical background concerning PCS technique. Then we present
the materials and the experimental set-up, followed by xipeemental results. In the last section,
we discuss them in the light of existing theoretical moded ammerical computing based on

hydrodynamic interactions and double layer overlap.

Theoretical Background

The photon correlation spectroscopy (PCS) is a useful ndetthaharacterize colloidal suspen-

sions, micellar systems or biologicalaterials. In PCS, alight beam is directedowards the

4
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sample and the scattered light is detected with an apptemevice usually a photomultiplier.
There are two different PCS methods: homodyne and heterodym In the homodyne

method only the scattered light impinges on the photocathoel In the heterodyne method,

a portion of the unscattered light is mixed with the scatterel light on the photomultiplier

cathode.
For a set of uncorrelated particles, the autocorrelation function of the light intensity mea-

sured by the photomultiplier in heterodyne detection is (se the Appendix for details):

Co(1) = 1+ aze "TcogwpT). (7)

where a; is a constant that depends on some experimental parameteithe constantl” is the

product Dg?, and the Doppler frequencywp is defined as
wp = §-V=vqcosa, (8)

where a is the angle between the scattering vectaj and the particle velocity V.

scattered light

Figure 1: Geometry for an electrophoretic light scattering experitne

When particle move by electrophoresis their velocity isi = pgE. If the applied electric

field is perpendicular tthe incoming beam, the angke is /2 (see Figure 1). Then the Doppler
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frequency is
2m

UeESsing, (9)
Ao

Qb:

whereE is the module of the electric field arfdl is the angle between the incoming and scat-

, then the scattering vector module|i =

tered beams. Here, we have supposed [fhat [Ks
(4rm/Ao) sin(6/2), whereAg is the wave length in the vacuum of the incoming beam,raisdthe
refraction index of the scattering medium.

In order to obtain I and awp, we study the real part of the Fourier transform G, (w) of the

correlation function Cy(7) — 1

-
M2+ (w—ap)?

.
+F2+(w+ab)2)' (10)

Re[Gz(w)] = a2 (

This function is a Lorentzian with the peak placed onwp.
If we define the width at mid-height wﬁ)z as the frequency at which the value oR€G;(w)]

is half the maximum value, equation (10) implies tha‘ra)ﬁ)2 =T.

1 T T T T

Re[G(w)]
o
\"“

w
“D {3 =1

Figure 2:The normalized Fourier transform of the heterodyne caiiteldunction,C,(t) — 1. It shows a peak at the
Doppler frequency.
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Experiment

Materials

It is often assumed that optical methods are only useful flatelsuspensions, when the sample
is transparent. However, it is possible to have a conceyatet transparent suspension. The
requirement is that the refraction index of the liquid magthat of the particlé?

We have synthesized spherical and monodispersed silica agiwes by the Stoéber methdd,
which consist in hydrolyse tetraethyl-ortosilicate (TE@&ethanol, by using ammonia as catalyst.
The final product is a suspension of silica particles sohition of ethanol, water, and ammonia.
This suspension is called alcosol. The proportioneaictants that we usedvas 0.5 M of TEOS
(supplied by Fluka), 0.1 M of distilled water, and 0.2 M of NKBO %) in absolute ethanol.
Ammonia and ethanol were supplied by Panreac.

For preparing the alcosol, we made two different solutiombe firstcontained 539 ml of
ethanol, 22 ml of NH, and 31 ml of water. The secorthd 461 ml of ethanol and 130 ml of
TEOS. The second solution was added to the dingwhile this was being stirred with a magnetic
stirrer. The final mixture was stirred for 3.5 h. The reactyglds 0.31 g of silicdrom 10 ml of
alcosol. In a second step, the particle surface was modifigdplienyl groups in order to improve
the suspension stability and to increase the hydrophobttyeparticle surfacé? Specifically, we
added 2.75 ml of phenyltriethoxysilane supplied by Flukader stirring, we left the reaction for
one day. The polymer forms a layer on the particle surfaceigireg steric stabilization.

In order to increase the particle concentration, the suspens centrifuged at 2000 rpm and
the supernatant is removed. After each centrifugationstispension was redispersed by applying
sonication for several minutes. It is importaatprevent the particles from forming a compact
layer at the bottom of the centrifuge tube, because thepedi®onwould be almost impossible
to achieve. The next step is to change the remanent liquidbglate ethanolTo this end, we
centrifuged the suspension and replaced the supernatatihégol. The solid fraction of silica in

the absolute ethanol was measured by evaporating a knowmeadf suspension and by weighing
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the driedresidue With this procedure the particle concentration obtained wf 18 % in volume,

where we have taken a silica density of 2.0 gicth

LI T R T R A B B

5,0kV 0,5mm x300k S 100nm

Figure 3: SEM micrograph of the particles.

The particle size was determined by analyziaget ofScanning Electron Microscopy (SEM)
photographs.Figure 3 shows one of this photographsThe diameter obtained was (888) nm.
Therefractive index of the particles is 1.46 and its density is 2.0 gicm

The suspension of silica in ethanol is completely opaqueés iSldue to the difference between
the particle and the liquicefractive indexes 1.46 and 1.36 respectively.In order to match the
refractive indexes, the suspending liquid was chosen astraiof toluene (70 %) and ethanol
(30 %).1% For such a liquidye did not observe multiple scattering and the scattered intensity
was sufficiently high formeasurementsto be performed. The conductivity of this mixture was
measured to be 6 0.3 uS/m and the relative permittivity was 6480.5. Both parameters were

measured with a device designed and built by the authol.

Experimental set-up

Figure 4 shows a diagram of the experimental set-up. The faaer beam is divided into two
beamsby means ofa beam splitter. The first beam comes to the measurementuaella lens

focusses it at mid-distance between the cell electrodeBhe second beamis led directly to the
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Figure 4:Diagram of the experimental set-up used for the heterodgtetion.

photomultiplier with the help of two mirrors. On the photoltiplier, the second beam and the light
scattered by the sample are mixed togethe electric signal produced by the photomultiplier

is sent to the correlator boardhside the computer.The correlator counts the number of pulses
and computes the autocorrelation function.

A set of diaphragms and lens are used to focus the scattgtatcbhto the photomultiplier
window and to choose the scattering volume of the cell.

The light intensity is regulated with two filters: one is ioffit of the laser and the other is placed
on thesecondarybeam path. These filters allow to choose the intensity ra&iwéen the scattered
light and thesecondarylight beam. In heterodyne detection, the intensity of thetteced beam
must be at least ten times lower than geEondarybeam. Thus, the filters have to be changed for
each sample, because the scattered light intensity waiileparticle concentration.

The measurement cell is a dip cell suitable for organic tigisupplied by Malvern. It has a
square section of 1 csideand an electrode gap of 2 mm. In order to minimize the refvacif
the light, the cell is placed into the center of a cylindrietidanol bath. The best would have been to
use a bath with the same solution toluene-ethanol, but we cgmagainst serious difficulties with
the toluene vapor, because it dissolves some plastic pileaesupports the measurement cell. We
control the angle of the scattered light witle help of goniometer, in our case we use an angle of
25°. For the calculations it is necessary to correct the sgagf@ngle due to the refraction between

the sampler{ = 1.46) and the ethanol bath £ 1.36). The corrected scattering angle is 23?18
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We applied for 50 s a symmetric square signal with a frequencyf 1 Hz. The temperature

is measured anchonitored for each measurement, always this has been between 18 aal 20

Results and Discussion

Doppler frequency measurement

0.14 T T T T T
20.0kvVim o

0.12 275kvim = |
35.0kVim ~

0.08

0.06

Cy(1)-1

0.04

0.02

-0.02

T (ms)

Figure 5:Example of some heterodyne correlation functions when #régtes are undergoing electrophoresis. In
this case the suspension has a concentration of particléSdf in volume. The electrical signal is a symmetric
square one with a frequency of 1 Hz and an amplitude of 20.6,&7d 35.0 KV/m.

Figure 5 shows several heterodyne correlation functiongpeed by the correlator, when the
particles are undergoing electrophoresis. In order tookit@ Doppler frequency from the data set,
we computethe Fourier transform of the heterodyne correlation fuorctAccording to equation
(10), we identify the frequency of the maximum with the Doppér frequency. Figure 6 shows

the spectrum of the correlation function for a voltage of 5pefween the electrodes (25 KV/m).

Mobility measurement

In order to determine the electrophoretic mobility, we megashe Doppler frequency for several

electric fields. Figure 7 plots the Doppler frequencieswetbe applied electric field for a suspen-

10
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Re[G(w)]

w (krad/s)

Figure 6: The functionG(w) is the Fourier transform &, (1) — 1. This figure corresponds to the data obtained for
an applied electric field of 25 KV/m to our suspension. Theiplerconcentration is 4.5 % in volume. It shows a peak
at the Doppler frequency.

sion with a particle concentration 4.5 % in volume. Theguency values have a linear relation
with the applied voltageas relation (9) predicts The electrophoretic mobility is obtained from
the slope of this straight line.

By using this method, we have obtained the electrophoretibility for several particle con-
centrations. Specifically, the particle concentrations veaied from 0.32 % to 5.4 % in volume.

The values of the mobility measurements with their errospare shownn Figure 8. For
certain values of the electric field, we have also measuredrtbbility of the samples using a
nano zetasizer of Malvern. The results are compatible vathes obtained by PCS method. The
zetasizer allows to determine the sign of the particle ahasdnich is negative.

Figure 8 shows how the electrophoretic mobility decreasiis thie particle concentration.
Since we worked with semi-dilute suspensiogis<{ 0.06), the values of the electrophoretic mo-

bility can be fitted to relation (6) discarding the te@®$?):

|ug(0)| = (2.74+0.2) 102 m?/Vs
S=-8+2

This shows thapie decreases with particle concentration faster than predlicy relation (5),

11
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Figure 7: Doppler frequency versus applied electric field betweeretbetrodes. The particle concentration is 4.5
% in volume. The straight line is tHeast square fitto the data. We have taken several measuremenis ébr each
value of the electric field.
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Figure 8: Electrophoretic mobility versus solid fraction. Each gamthe plot corresponds to a different sample.
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which corresponds tea > 1.

Mobility polydispersity

When the applied electric field increases the Doppler frequetsy iacreases. At first sight, and
since the factoe™" T in equation (27) does not depend on the electric field, therbdyne autocor-
relation functionshould have morevisible oscillations as the electric field increases. Therefore,
for higher electric field, we expect that the spectrum peallisliev farther from the originand

be better resolved. But Figure 5 shows that the number of \asilsicillations in the correlation
function does not increase with the electric field. In facs figure shows that the amplitude of the
correlation function decreases faster for larger fieldsrddweer, what it is observed experimentally
is a broadening of the peaks in the Fourier transform of tieetatgion function as the electric field

increases (see Figure 9Besides, a decrease in the value of the maximuaiue is found.

25 T T

2BKV/M e
30 kV/m L]
35 kV/m B

20

15

RefG(w)]

10

w (krad/s)

Figure 9:Fourier transform of the heterodyne correlation functionthree values of the electric field. The Doppler
frequencyincreaseswith the electric fieldand the peaks become smaller and wider.

This effect wasnoticed in other works%?%where it is attributed to a diffusion coefficient de-
pendence on the electric field. Effectively, accordinglgtation (10), the coefficieftincreases
apparently with the applied voltages. Furthermore, theagqgu (10) implies that the broadening

of the peaks is due to increaselof However, thisis not physically sound, since the diffusion

13
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coefficient is directly related to the particle size.

On the other hand, WA} suggests that a broadening of the peaks in heterodyne apsctr
due to a mobility polydispersity. In fact, the expressioB)(# valid only if the particles have
all the same electrophoretic velocity. But, if there is actlgphoretic velocity distribution or,
in other words, a Doppler frequency distribution, the dffefcthis polydispersitywill affect the
correlation functions.

To analyze the effect let us assume a Gaussian distributiDopler frequencies

)2

1 7(%*‘*330
Plawp) = e 205 11
(o) e (11)

wherewng is the average Doppler frequency amylis its dispersion. The new correlation function

of the electric field is

+00 1 (wp—wpo)

9= | oo 3

e 202, e(*r+iﬂb)tdab

— g Ttgoat dunot, (12)

With this new expression of the correlation function of tight electric fieldand equation

(23),the expression of the correlation function for heterodyne @tection is
Co(t) = 1+ apReg(t)] = 1+ ape %6t cos wpot). (13)

This expression showghat the relaxation time of the correlation functions dejseon the
Doppler frequency dispersion.

The Fourier transform of correlation function (13) has notaaalytical expression. But we
can calculate the limits whes,, < I ando,, > . For the first case, we can take, — 0, then

the Fourier transform will be relation (10). In the secondezawvhere the frequency dispersion

14
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dominates, we can take the linfiit— O, then the Fourier transform of equation (13) is

RE[G(w)] = %ﬁ—z_w" [exp(—“”%g‘”z) "

For high electric fields, where we can neglect the diffusion term m d@latocorrelation func-

tions,the frequency w'?

12 is determinedby the frequency dispersion

Wiy = 0pV'2In2 (15)
The interesting point is that,, depends on the electric field, since

W = 2Tmsin(e)uEE

Ow= 2Tmsin(e)(qu, (16)

where g is the electrophoretic mobility and, is its dispersion. Therefor@z.,)ﬁ)2

increaseslin-
early withE.

Relation (16) explainsthe peak broadening in the heterodyne autocorrelationtiim¢see
Figure 9). In short, for small electric fields, the relaxatiime of the correlation functions is
dominated by the diffusion coefficient, whereas for higlcele fields the frequency dispersion
dominates. Another important conclusion is that mobiliyyalispersity only affects the width of
the peaks, whereas the average Doppler frequency doesrgot va

On the other hand, due to mobility polydispersity the autaeation function decays in a time

of ordero . The period of the oscillations of the same functiomui;l. Both quantities depend

on the electric field, as equation (16) shows, but their ratindependent of itHowever, we can

15
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not measure,, directly, but only the value ofw!2. In fact

1/2"

(2)

1/001/2: He (17)
/b oyv/2In2’

that can be used to calculate the valuerpf

Although we have assumed a Gaussian distribution of Doprdquencies, this will not be so
in general. However, the main conclusion that va&ie wﬁ)z increaseswith the electric field due
to the mobility polydispersity, will remain true. Even mogegjuation

(17) can be used, at least, as an estimation of the mobilljydEpersityo;,.

Table 1: Ratio between the Doppler frequenay, and wi%_ It tends to a constant value close to 0.6. The
concentration of particles is 4.5 % in volume.

o2

E (KV/Im) ap (radls) w%) (radls) 22

25.0 320 63 0.20
27.5 352 214 0.61
30.0 364 238 0.66
32.5 434 251 0.58
35.0 439 283 0.64

Table Table 1 shows how the ratio betweba Doppler frequencyand w'?

12 does not change

with the electric field when this is high enough. From the ddttable Table 1, we can estimate
experimentally the mobility dispersiamy, if we takew%/ab ~ 0y / Ue. The mobility dispersion

resultsof the order of 0.6Lg.

Discussion

First, itis worth evaluating the double layer thickness. didenot add electrolyte to the suspension,

therefore, the double layer is formed from solvent molesalled impurities. In order to estimate

16
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the Debye length, we use the expression:

/D& &
-1 r<0
O_ Y ( )

wheregg is the dielectric permittivity of thevacuum, & is the relative permittivity of the toluene-

ethanol mixtureD is the diffusion coefficient of ions ando the electrical conductivity of the
liquid.

Considering a typical value for the diffusion coefficientastler of 10° m?/s andthe mea-
sured value for the conductivity, we obtaink 1 ~ 90 nm andcka~ 0.44. Under these conditions
particle-particle forces cannot be neglected. In facttyipecal distance between particles varies
from 500 nm, for a concentration of 0.36 %, to less than 200 antdncentrations higher than
4.5 %; this leads to overlap of the double layers.

In Shugai’s work? the mobility of suspensions with thick double layer is nuizaty studied.

In addition tok 1, another characteristic length enters the pair corralationctiongy(r). This is

the Bjerrum length
2
Ap= e,
Artege ke T

(19)

In our caseaAg ! ~ 5. Shugaiet al,* for ka=1andalg* = 10, obtained for the parameter of

equation (65~ —6. The experimental measurement that we have performedssritguite good
agreement with this numerical result.

Another important point discussed by Enhiand Shugdi is the following: due to hydrody-
namic interactions between pair of particles, the mobititg direction parallel to the line dheir
centers is different from the mobility in the transversesdiron. As a consequence, in suspension,
the particle velocity has fluctuating components, leadoghobility dispersion. Foa)\gl =10
andka= 1, Shungaet alcomputes the fluctuation in particle mobiligg ~7-102

For smaller values aiAg ! andka, Shugaiet alshow that a larger value af, -t is expected.

Therefore, our measurements are in qualitative agreement with the nuat@acnputation.

Other sources of mobility dispersion should be taken in astoFirst, the 10 % size poly-

17
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dispersity could have implications in the mobility dispers Unfortunately, this has not been
numerically explored in the work by Shugeti al. Another factor is the surface charge polydis-
persity. Whenp — 0, the electrophoretic mobility must agree with Henry eguratIn our case,
whereka= 0.44, Huckel equation (2) is precise enough to give the zetial from the mobility
atg =0:

{ = (47+£3)mV.

Assuming that the zeta potential is the potential at theaq@arsurface, the total charge over each

particle can be estimated from the expression

Q= 4meperad. (20)

We estimatdhat the number of elementary chargesapproximately 10. This small quantity
implies that any variation of the electrical charge produleege dispersion of the zeta potential,

and, hence, of the mobility.

Conclusion

In conclusion, the technique of index of refraction matghiras allowed us to study the elec-
trophoretic mobility of concentrated suspension by PCBa#t been found that the mobility of the
particles decreases with the concentration faster thari.bh¢, which indicates that the interac-
tions between the particles are importartte measured mean mobility is in good agreement with
the numerical computing by Shugatial. This experimental technique enabled us to measure the
mobility polydispersity as well. This polydispersity hasdm seldom measured in the past. We

think that this is a useful method to get insight in the vdlp@iuctuations in electrophoresis.

18
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Appendix
The autocorrelation function is defined as
o) = M1+ ) 21)
wherel (t) is the light intensity at the initial timeandr is the time lag. The symbols denote
temporal average.
The correlation function (21) may be expressed in terms efdbrrelation function of the

electric field of the scattered light 7).

For homodyne detection, the correlation functiot?is

Cy(1) = 1+ ag(1)[? (22)
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and for heterodyne detection

Ca(1) = 1+ a2Re(g(T))] (23)

wherea; andas are constants depending on experimental parameters, stich @oherence area,
and the ratio between the scattered light and the direct lrgtamsity, for the heterodyne case. The
symbol Re denotes the real part of the complex funagiar).

The correlation function of the electric field of the scattélight is

(24)

whereE is the electric field of the light scattered by the scatterm@ume andE* denotes its
complex conjugate.

For uncorrelated particles, the equation (24) becdfhes

g(d, 1) =e Tt (25)

wherer is the producD¢?, g the scattering vectofi= K —RS), D the diffusion coefficient andp
is the Doppler frequency.

Using equation (25), the correlation functions (22) and (aRe the form

Ci(T)=1+0ae dT (26)

and

Co(1) =14 aze "TcogwpT). (27)

21



