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Colloidal Nanoparticles: Electrokinetic Characterization
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INTRODUCTION

A charged colloidal particle suspended in an electrolyte
solution is surrounded by a cloud of counterions. The set
of the surface charges and countercharges is called the
electrical double layer. The electrical double layer plays
an essential role in various interfacial electrical phenom-
ena on the particle surface and in the particle~particle
interaction of colloid suspension.

Generally, it is almost impossible to measure the
surface potential on colloid particles. However, we can
measure the potential near the particle surface. It is called
the zeta ({) potential. The zeta potential is the potential
at the hydrodynamic slipping plane in the electrical
double layer, hence its value is not precisely the same as
that of making a stable suspension because the total in-
teraction potential between two particles a bit distant
from their surface is essential for a stable dispersion. The
{-potential has been considered to provide useful in-
formation necessary for preparing stable colloidal
suspensions in many application fields including food
preparation, agriculture, pharmaceuticals, paper industry,
ceramics, paints, coatings, photographic emulsions, etc.
The concept of the zeta potential is also very important
in such diverse processes as environmental transport of
nutrients, sol—gel synthesis, mineral recovery, waste
waler treatment, corrosion, and many more.

OVERVIEW

These are several origins from which solid surfaces are
charged: dissociation of chemical groups on the surface,
preferential adsorption of cation or anion onto the surface,
etc. The distribution of each ionic compound between the
surface and the solution bulk is determined by the
differences in the electrochemical potential of each
compound between two phases: the solid (surface) phase
and the solution phase. Therefore the composition of the
solution is an important factor that determines surface
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potentials. When H" is the potential-determining ion, we
can change the amount of surface charge by changing the
pH of the solution. It is important to know the position of
the isoelectrical point (IEP) (i.e., the pH value at which
the particles have zero {-potential). At the IEP, there are
no repulsive forces and the particles are strongly ag-
gregated because of the attractive van der Waals forces. In
many cases, the stable colloidal particle disperston is de-
sired, so the colloidal suspensions are designed such that
the pH of the suspension is well away from the IEP. The
TEP data for a number of colloids of various compositions
have been reported.!) Table 1 lists the IEP for some
typical dispersions.

If colloid particles are brought to a concentrated
situation through some engineering processes, it is not
certain if the surface charges, and hence surface potential,
hold the same values as those in diluted dispersions. It
must be measured experimentally, and several methods
have been explored in recent years.

Here, we briefly describe experimental methods of the
measurements of [-potential for the diluted and the
concentrated particle systems, and how the control of zeta
potential is useful for preparing composite particle
systems in the last part of this report. The fundamentals
of electrokinetics in colloidal systems have been de-
scribed in numerous books in recent years.[!~3]

MEASUREMENTS OF [ OF PARTICLES IN
DILUTED SUSPENSION

Regular Method by Electrophoresis

The historical prominence of {-potential has been
because of its experimental accessibility via measure-
ment of the electrophoretic mobility p. Electrophoretic
mobility is the velocity of the colleid particle v per unit
field strength E:

v = uE (1)
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Table I Isoclectric points

Compound IEP (pi)
o-AIOOH 94
y-AIOOH 5.5-7.5
a-Al(CH), 50-52
+-AI(OH), 9.3
Cdo 104
CoaQy 5.5
Co(OH), 10.5
a-Fe,O4 83
BFe.0, 6.7-8.0
Mg(OH), 12

MnO, MnO, [

Ni0 9.5
Si0, 1.8=2.5
Sn0, 45
TiO, 6

Zr0, 4

where { is related with mobility by the equation from
von Smoluchowski:t

u = el/y 2

where & or 7 are the permittivity or viscosity of the
medium, respectively. In regular electrophoretic appa-
ratus, we utilize a narrow capillary cell of cylindrical or
rectangular shape. The migration velocity of the
particles is measured by optical microscopy for larger-
sized particles, or by observation of Doppler shift of
laser light scattering signal for smaller particles. How-
ever, the capillary cell walls also bear electrical charges
and hence have electrical double layers. Therefore the
application of electrical fields causes the movement of
charged liquid medium in the double layer, which is
called electroosmosis. The electrophoretic migration of
colloid particles is always superimposed on the elec-
troosmotic liquid flow from the cell wall. The closed
samaple cell causes a back liquid flow through the
generation of hydrostatic pressure gradient. At equi-
librium, there are two positions where the liquid flow
has zero velocity. These are called the stationary levels.
Thus we can observe the true electromigration velo-
city of colloid particles at the stationary levels. Von
Smoluchowski™ showed the profile of electroosmotic
flow velocity (Uosm) for a cylindrical cell:

Ussm = UO(hzlbz - 1) (3
and for a flat cell, which has an infinitely long width:
Ussw = Uo/2(31*/b" ~ 1) @

where h is the distance from the cell center in the direction
of cell thickness, b is the half-thickness of the cell, and Uy

is the electroosmotic flow at the cell wall (h=b). The
stationary levels are located at a distance from the cell
center to each side by the quantity h=b/v/2 for the
cylindrical cell, or A=b/+/3 for the flat cell. Komagata'
showed a more practically useful equation for a rect-
angular cell, which has a thickness of 2 and a width
of 2w (b<w); the stationary level is located at a dis-
tance from the cell center to each side by the quantity
h=b+/(1/3(1 + 384b/n’w)). The traditional measure-
ments of zeta potentials of particles are conducted at
these stationary levels.

Electrophoretic Measurements Using a
Standard Sample

The profile of electroosmotic flow is parabolical, Thus the
velocity gradient of the liquid at the stationary levels is
usually large and the cobserved velocity of the particles
changes rapidly with cell depth. It causes substantial
errors in electrophoretic mobility measurements from the
wrong setting of observing points. However, if the
electrophoretic measurements can be carried out by using
a reference sample as a standard, the electrophoretic
mobility of the unknown sample can be determined at any
cell depth by subtracting the mobility of the reference
particles at the same level, because the velocity of
electroosmotic liquid flow induced by the cell wall has
the same value under the same experimental conditions.
Therefore one can obtain real electrophoretic mobility
rather accurately by measuring the velocity at the celi
center, where the velocity gradient is zero.

The apparent electrophoretic mobility (U,,,) of an un-
known colloid sample is always the sum of two con-
tributions, one of which is the real electrophoretic mobility
(Uy) and the other is the liquid flow velocity induced by the
electroosmotic effect (Uy;m) of the cell wall, which
changes as a parabolical function of the cell depth:

Up = Ua+ Usn &3]

Similarly, the apparent velocity of the reference sample
(U,pp) was also indicated by the sum of the real
electrophoretic mobility (U/") and the electroosmotic flow
velocity (Uoem ), that is,

Ul = Uly+ Ul (6)

Under the same experimenta) conditions, using a finite

electrophoretic cell (Uysm=Ugsm’), the following relation-

ship holds from Eqs. 5 and 6:

Us— Uy = Uy — Uy, (7
If U is known exactly, the U, value of the unknown

sample can be determined from the difference between
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the two apparent mobilities at any cell depth. Thus if the
particle mobilities of unknown samples and the reference
sample are measured at the cell center where the mi-
gration velocity has a maximum, the real electrophoretic
mobility of the unknown sample is given by:

Ue — Uy = Uspp(maximum) — U, (maximum) (8)

Fig. 1 shows an example indicating the electrophoretic
mobility profiles obtained experimentally for the refer-
ence sample (PSSNa lattices) and an unknown sample
(SM lattices) along the cell depthina 1 x 1072 M KCl
solution at 25°C. The SM lattices employed as an
unknown sample were prepared by the copolymerization
of styrene with 5% methacrylic acid (MA) at 70°C. It is
apparent that both profiles indicate reasonable parabolical
curves, and the curve for the reference lattices shows a
constant mobility at the two stationary levels. Further-
more, the difference between the two apparent mobilities
at the cell center agrees well with the velocity of the SM
lattices at the stationary level.

Fig. 2 shows the {-potential vs. pH curves for the SM
lattices, which have been determined from the rmaximum
mobilities using the PSSNa lattices as a standard.®! The
same relation obtained from the velocity of the SM
lattices at the stationary level is also indicated. As can be
seen, both curves agree fairly well over the whole pH
range. All of these results indicate that if we have a
reliable colloid sample whose {-potential is exactly
determined, the {-potential of the unknown sample can
be determined precisely from the measurements of
apparent electrophoretic mobility at the cell center. In
that case, slight errors in focusing (j.e., errors because of

U (um/sec om/V)
c
%
=
%
€ -

-1 -0.5 o 0.5 1
Relative cell depth
Fig. 1 Examples of electrophoretic mobility profiles of PSSNa

lattices (U") and SM lattices (U). (h*) stationary level; (m)
PSSNa lattices; (@) SM lattices (1 x 1072 M KCl, 25°C).
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Zeta Potenttal (m¥)

Fig. 2 (-Potential vs. pH curves of unknown sample (SM
lattices) determined by the maximum velocity of reference
sample (@) and the usual method (O).

the view field) are less important because the velocity
gradient near the level of observation is very small.

According to Eqs. 3 and 4, Uy and hence the {-poten-
tial of the cell wall are determined using a reference sam-
ple. The electroosmotic velocity (Up) obtained by the
extrapolation of the velocity profile to the cell wall
permits the determination of the {-potential of the cell
wall —solution interface, and the {-potential measurement
of various solid—solution interfaces,!”! including the
dissimilar cell system,’® has been determined. Here, we
would like to emphasize again that the determination of
the (-potential of the cell wall is also possible from the
maximum velocity of the reference sample, instead of the
tedious plane interface procedure. According to Eq. 4, the
apparent velocity of the reference sample at the cell center
(at h=0) is Uppp'=Uy' —Up'/2. Thetefore Uy’ and hence
the {-potential of the cell wall can be quickly determined
if the U,y has been previously known.

Fig. 3 shows some examples of apparent flow velocity
profiles of standard latex samples (PSSNa lattices) at
various pH values in which both boundaries refer to the
glass—solution interface. A symmetrical parabola was
given at all pH conditions where the surface charge of
glass is consistent with both sides.

ELECTROKINETIC CHARACTERIZATIONS IN
CONCENTRATED DISPERSIONS

In recent years, electroacoustics offered studies on surface
characterization and the stability of suspended colloid
particles. The term electroacoustics refer to two kinds of
related phenomena: 1) colloid vibration potential (CVP),
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