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abnormaal te bestempelen.
Dit proefschrift, hoofdstuk 3.

-2
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-4-
Afhankelijk van het soort experiment is "poreus silica" poreus dan wel niet poreus voor

tegenionen.
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-5-
Diélektrische spectroscopie is gevoelig voor relaxatieprocessen aan kolloidale grensvlakken,

maar niet voor alle.
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-G-
Biobeschikbaarheid van bioinactieve metaalcomplexen is een tweeledig begrip. Zij hangt
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stap in het bio-opnameproces.
P.G.C. Campbell, in A. Tessier en D.R. Turner (Eds.), Metal Speciation and Bioavailability
in Aquatic Systems, John Wiley, Chichester, 1995, p. 55.

-7-
Complexen van metaalionen met oppervlaktegroepen van kolloidale deeltjes kunnen zeer wel

labiel zijn.
H.B. Xue en L. Sigg, Anal. Chim. Acta 284, 505 (1994).
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-8.
In tegenstelling tot wat in de aérodynamica algemeen wordt verondersteld heeft compressibiliteit

wel degelijk invloed op grenslaagtransitie.

1.9,
Koffie kan geruime tijd na het inschenken nog warm gedronken worden wanneer een grote mok

wordt gebruikt en direct melk en suiker worden toegevoegd.

-10-

De door recombinanttechnieken gemaakte nutriénten zijn voor velen nog moeilijk te verteren.

-11-
Het verhandelbaar zijn van CO,-uitstootquota, zoals op de VN-klimaatconferentie in Kyoto

besloten, steekt af tegen het ideaal het broeikaseffect te verminderen.

-12-
De NS zouden kunnen overwegen een fysisch chemicus in dienst te nemen voor het nauwkeurig

voorspellen van mist, ijzel en bevriezing van bovenleidingen.

-13-
Het kunnen onderdrukken van een gezonde nieuwsgierigheid naar wetenschap is noodzakelijk bij

de afronding van prometiconderzoek.

Stellingen behorende bij het proefschrift "Electrodynamics of Colleids”,
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Chapter 1

INTRODUCTION

GENERAL BACKGROUND

Hydrophobic colloids commonly carry a charge. This charge, usually located at the surface of the
particles, is compensated by ions in the solution giving rise to an electric double layer. The
presence of such a microscopic electric double layer has important consequences for the
macroscopic properties of the sol. For instance it determines the stability of the colloids against
coagulation, their ability to adsorb substances, and their ability to coat objects. In order to
understand such macroscopic properties it is of obvious importance to study the structure of the
double layer in detail. A large number of investigations have been devoted to double layers in
equilibrinm. These studies yield thermodynamic parameters e.g. on the adsorption of molecules
or (macro}ons in the dense part of the double layer (Stern layers) or in the diffuse part of the
double layer.

If a double layer is perturbed by an external force, its structure tends to adjust. The
corresponding relaxation processes are by no means rare phenomena. They occur during particle-
particle interaction in coagulation and during all other processes referred to above. Non-
equilibrium parameters determine the characteristic times of these relaxation processes and the
mobilities of the ions in the various parts of the double layer are of paramount importance in this
respect. These parameters as well as the {-potential (which is the potential at the plane of shear
and also a non-equilibrium characteristic) can in principle be obtained from the response of the

50] to various applied perturbations.

ELECTROKINETICS

Electrokinetic phenomena are characterised by the tangential motion of liquid with respect to an
adjacent charged surface. They reflect the electric properties of the surface/solution interface, and
play an important role in the stability of hydrophobic colloids. Particle electrophoresis is by far
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the most widely used technique to obtain the {-potential. Less familiar are streaming potentials
of close-packed porous plugs of particles. The streaming potential is the potential difference that
arises over the plug at zero net electric current caused by the flow of liquid under an applied
pressure gradient. One of the great advantages of the use of plugs instead of extremely dilute
suspensions, such as in microelectrophoresis, is that not only the streaming potential but also the
static electric conductivity can be measured. The streaming potential is sensitive to the charge in
the region of the double layer where the liquid moves, i.e., the part beyond the plane of shear,
whereas all mobile charge in the double layer, including the part behind the shear plane,
contributes to the plug conductivity. Hence, the combination of different types of electrokinetic
experiments provides more detailed information on the (non-eguilibrium) double layer.

DIELECTRIC SPECTROSCOPY

Dielectric spectroscopy is a technique to study the relaxation of the double layer by measuring the
response of a dispersion to an applied alternating electric field. The observable macroscopic
current can be related to the induced dipole moments of the particles, which, in turn, can be
related to the transport processes in the double layer (1,2). This technique not only reveals
stationary properties of the double layer, as does a static conductivity experiment, it also provides
information on the relaxation times. In the appropriate frequency interval, the dynamics of the
polarization of the double layer can be followed. It is also possible to follow
desorption/adsorption of surface charges and to retrieve the corresponding rate constants.

COLLOID STABILITY

Since the development of the DLVQ theory for colloid stability (3,4) in the 1940's, a large
number of refinements and elaborations have been published concerning such items as the shapes
of the particles and the chemistry of the surface (sites). In these theories the calculation of the
electrostatic forces is wsually done in the traditional way by equilibrium thermodynamics.
However, coagulation of colloids is a dynamic process. In a particle encounter, diffuse double
layers overlap and tend to adopt a new equilibrium structure. According to Overbeek (5) and
Lyklema (6), the characteristic time for the adjustment of the diffuse part of the double layers is
much shorter than the typical duration of an encounter. Hence, the use of equilibrium
thermodynamics is justified for calculating the structure of the diffuse layer during particle
encounters. However, this is not necessarily true for the surface charge density. Estimates for
relaxation times of the surface charge vary over orders of magnitude and may be well comparable
to the characteristic time of an encounter. With respect to the former, two extreme situations can
be considered: (i) the surface charge does not adjust at all during the collision (interaction at
constant charge), (ii) the surface charge is completely relaxed during the encounter (interaction at
constant (electrochemical) potential). These two limiting situations can be tackled within the
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framework of equilibrium thermodynamics, but the intermediate situation asks for a dynamic
approach. The first attempts to incorporate small disequilibration of the double layer into the
theory of slow coagulation have been made by Dukhin and Lyklema (7.8). Recently, Kijlstra and
Van Lecuwen (9) developed a stability model which can handle large deviations from
equilibrium, likely to occur in particle-particle interactions. Still these theories are primitive in the
sense that surface charge may relax only via desorption/adsorption. Shulepov et al. (10,11)
applied Kijlstra's method to more sophisticated surface charge relaxation mechanisms

{desorption/adsorption, and migration along the surface}.

STATE OF THE ART IN THE ELECTRODYNAMICS OF COLLOIDS

It is timely to consider non-equilibrium electric properties of colloids on a higher level of
integration which includes electrokinetics, dielectric relaxation, double-layer relaxation in
particle-particle interaction, etc. We denote all of this by the term electrodynamics. In order to
describe electrodynamic phenomena, a set of basic equations governing ionic and solvent
transport has to be solved under the appropriate boundary conditions. These electrodynamic
equations (also referred to as the electrokinetic equations} encempass the Poissen equation for
electrostatics, the Nemst-Planck equations for ionic transport, the ionic continuity equations, and
the Navier-Stokes equations for solvent transpert. Numerical solutions to these equations have
been put forward (12,2) in order to describe electrophoresis and the conductivity of a suspension
in an alternating electric field. Long before numerical solutions were available, Dukhin (1) noted
that the diffuse double layer, under the usual conditions, is practically in local equilibrium with
the surrounding electrolyte. This local quasi-equilibrium condition is the cornerstone in many
important analytical theories for electrokinetic phenomena (1,13-19) and also takes a central
-position in this thesis. Hinch et al. (20) extended the applicability of Dukhin's LF dielectric
dispersion theory to asymmetrical suspending electrolytes. However, their results poorly agree
with numerical calcuiations and therefore do not seem of direct practical use. O'Brien and Perrins
also used the assumption of local quasi-equilibrium in the derivation of expressions for the
conductivity and streaming potentials in plugs (17,18).

Electrokinetic potentials must be deduced from experiments by applying some electrokinetic
model. A popular one is the "standard electrokinetic model”. In this model the surface is, under
dynamic conditions, characterised by a shear plane at which the potential is identified as . The
ions within the stagnant liquid behind the shear plane are considered to be immobile. Application
of this standard model shows that generally -potentials obtained from suspension conductivities
in de or ac fields are systematically larger than those obtained from particle mobilities (21,17,22-
29) or from streaming potentials of porous plugs (30). The most probable cause for this
inconsistency is the neglect of conduction behind the shear plane (25,26). The extent of such
conduction may be expected to be related to surface roughness, surface porosity, the visco-
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electric effect (27}, the properties of the (occupied) Stern layer, and the presence of a macro-
molecular (hairy) surface layer. In a number of studies on latexes, the {-potentials inferred from
low-frequency (LF} dielectric measurements have been compared to the theoretically predicted £ -
potentials based on mobility measurements (31,23,24,32). However, these latter {-potentials are
also subject to the restrictions of the standard model. Exceptions are a few analyses
(25,26,28,29) where conduction behind the shear plane was taken into account. These last
mentioned studies were able to explain the high values of the (complex) conductivity. Still the set
of experiments is minimal: there are as many variables as there are equations. More independent
experiments are necessary to conclusively solve the problem.

AIM AND OUTLINE OF THIS STUDY

In the perspective of the difficulties encountered in the above mentioned studies it is in the first
place highly wanted to obtain electrodynarnic data for a limited number of well-defined systems
by a number of different methods over a broad range of ionic strengths and frequencies.
Combination of data must reveal the dynamic double-layer parameters such as the mobilities in
the different regions of the double layer and the {-potentials. In pursuit of these aims the first
purpose of this thesis was to study low-frequency dielectric spectroscopy on dilute dispersions
of poly(styrene) sulphate latex. Latex particles can be made spherical, homodisperse and in large
amounts. Furthermore, porous plugs of such latexes allow the measurement of streaming
potentials and plug conductivities. Silica dispersions and bacterial cells were also studied (latter
not in this thesis). In the second place we want to relate theoretically the low-frequency dielectric
response, particle mobility, and sol stability against coagulation to more complex relaxation
mechanisms that may take place in the Stern layer.

The outline of this thesis is as follows.

In chapter 2 plug conductivities and streaming potentials of a close-packed porous plug of
poly(styrene) sulphate latex will be determined for a number of indifferent electrolytes and ionic
strengths. The {-potentials and the mobilities of the ions in the different parts of the double layer
will be obtained.

Chapter 3 will give practical expressions for the low-frequency dielectric response of dilute
dispersions of spherical particles int a binary electrolyte. The low-frequency dielecttic response of
dilute sulphate latex dispersions will be experimentally determined as a function of the ionic
strength. The surface conductivities will be compared to the values obtained for plugs.

The influence of adsorption of the uncharged polymer poly(ethylene) oxide on latex will be
investigated by means of low-frequency dielectric dispersion, plug conductivities and streaming
potentials in plugs in chapter 4. It will be shown that the drag on ions in the polymer layer can
be described by considering the polymer layer as an inhomogeneous Brinkman fluid. The
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necessary polymer and counterion distributions will be calculated from statistical self-consistent-
field models.

In order to investigate the influence of the surface charge density on the streaming potential and
static conductivity, plugs of monodisperse spherical silica particles will be subject of study in
chapter 5. Contrary to latex, the surface charge density of silica can be controlled by pH.

In chapter 6 the dynamic aspects of particle electrophoresis will be considered. It will be
shown, both theoretically and experimentally, that it is possible to apply an alternating electric
field with such a frequency that unwanted electroosmosis, induced by charge on the capillary
wall, is suppressed, whereas particles are still able to follow the field according to their dc
mobility. This shows that knowledge of the dynamics and pertinent relaxation times is not only
of scientific interest, but that it is also able to offer solutions to practical problems.

In chapter 7 the influence of polarization of the surface charge (or an occupied inner Helmholtz
layer) on the particle mobility, static conductivity, and low-frequency dielectric response will be
studied within the framework of the thin double-layer theory. It will be shown how the dynamic
characteristics of the relaxation of surface charge are accessible by dielectric spectroscopy. Since
these characteristics determine the particle-particle interaction under non-equilibrium conditions,
chapter 8 will be devoted to colloid stability. The stability will be expressed in terms of
dynamic characteristics of relaxation in the surface layer (inner Helmholtz layer). The connection

between the stability against coagulation and dielectric spectroscopy will be made.
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Chapter 2

STREAMING POTENTIALS AND CONDUCTIVITIES OF
LATEX PLUGS IN INDIFFERENT ELECTROLYTES!

ABSTRACT. Streaming potential and conductivity measurements were performed on porous
plugs in a number of indifferent electrolytes. The plugs were made of monodisperse spherical
polystyrene sulphate latex with fixed surface charge density. The observed surface conductivity
could be interpreted with the classical Bikerman expression corrected for conduction behind the
shear plane. It was shown that electroosmosis positively, and the depletion of co-ions in the
double layer negatively contribute to the surface conductivity. It was further demonstrated that a
significant part of the conduction is located behind the slip plane. The ion mobility of the
indifferent counterions behind as well as beyond the shear plane is close to the bulk mobility. In
the correct determination of & -potentials in the low electrolyte concentration range, it is necessary
to take surface conduction behind the plane of shear into account. By doing so, the maximum in

the curve of the {-potential versus electrolyte concentration disappears.

! Submitted for publication in J. Colloid Interface Sci. in coauthorship with Linde, A. J. van der, Lyklema, J.
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1. INTRODUCTION

Concentrated systems of sub micrometer-sized particles are subject of research in many fields,
for instance in soil science, paper manufacturing and in membrane studies. In these
investigations, usually the system in total is of interest. The electrokinetic properties of the
individual particles are commonly studied in dilute systems (micro-electrophoresis, conductivity
of dilute suspension) where the imposed field is in interaction with isolated particles only and,
hence, theory is relatively simple. Exceptions are e.g. dc conductivity studies (1} and high-
frequency dielectric studies (2) on concentrated latex dispersions, and electrokinetic
investigations on porous plugs (3,4). The latter type of experiment is much more elaborate than
micro-electrophoresis but it has the advantage that {-potentials of large particles can be
determined. Furthermore, measurements can be performed at high electrolyte concentrations,
well above the critical coagulation concentration. In micro-electrophoresis coagulation would
interfere with the measurements.

From measurement of the electric conductivity of the plug, extra information can be gained with
respect to micro-electrophoresis. The surface conductivity, which is calculated from the plug
conductivity, is an important double layer characteristic. Knowledge of the surface conductivity
is a necessity to determine £ -potentials from streaming potentials (or particle mobilities) at low
electrolyte concentrations if conduction behind the shear plane takes place. Furthermore, from the
combination of conductivity and streaming potential experiments, information on the amount of
conduction behind and beyond the shear plane can be evaluated.

Although interpretation of conductivity data is more difficult for plugs than for dilute dispersions,
the measurements are extremely sensitive to the double layer properties. The conductivity change
due to the presence of colloidal particles scales with the number of particles per unit volume. The
particle density in a plug exceeds the density in common dilute dispersions experiments by at
least one order of magnitude. Hence, the signal-to-noise ratio is increased by the same factor.

A more technical advantage of working with plugs is the accurate knowledge of the bulk
concentration inside the plug which can be rinsed intensively with an electrolyle solution of well-
known concentration prior to the measurement. In experiments on dilute suspensions, the ionic
strength is usvally adjusted by adding aliquots of electrolyte. This procedure is more susceptible
to errors, since the latex volume fraction must be well-known and adsorption/desorption should
not occur. Furthermore, in plugs the particle density is perfectly constant throughout the
experiments and this allows for a better comparison between the different data.

The extreme sensitivity also allows for the determination of the surface conductivity from plug
conductivities up to the relatively high ionic strength of 100 mM without any problems, as will
be shown in this paper.
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To calculate the current passing through the plug due to an applied electric field or pressure
gradient, it is necessary to determine the distribution of ions, electric potentials, and flow fields
in the pores. This involves the solution of a set of coupled partial differentiai equations,
commonly referred to as the "electrokinetic equations”. O'Brien and Perrins (5) solved these
equations and determined the conductivity of a granutar plug. The plug is assumed to be
composed of close-packed spheres of uniform surface potential in a simple cubic (SC), body-
centred cubic (BCC) or face-centred cubic (FCC) array. To simplify the problem, they restricted
themselves to the situation of relatively thin double layers (xa >> 1) which makes it possible to
use the condition of quasi-equilibrium between the double layer and the adjacent electrolyte (6).
The case of plugs with random structure was dealt with by interpolation between the three arrays.
This procedure is not exact.

O'Brien also solved the electrokinetic equations to describe electroosmosis in plugs (7). The
packing of the plug is assumed to be in one of the three lattice arrays mentioned above. More
recently Kang and Sangani (8) rigorously solved the equations for the conduction as well as
electroosmosis in completely random arrays.

In order to test these available theories, conductivity and streaming potential measurements were
performed on plugs of monodisperse polystyrene sulphate latex with a fixed negative surface
charge density, as function of the electrolyte concentration (0.1-100 mM). To investigate (the
influence of) surface conduction, measurements were performed in electrolytes with four
different counterion species, i.e., HCI, KCI, NaCl, and LiC} as the electrolytes. To check the
influence of the co-ionic species, KOH was also used as electrolyte.

Qutline of the paper. In the following section we present the theory for the conductivities and
the streaming potentials of plugs. In section 3 we describe the preparation and characterization of
the anionic latex and the measuring equipment. In section 4 the results are presented and
compared with theory. In section 5 we formulate the conclusions and perspectives for further
investigations,

2. THEORY

2.1. Currents and forces

The experimental determination of the conductivity of a plug involves the measurement of the
average of the local current density 7. Asin (5,7) we will denote averages by angular brackets.
Let g be a scalar or vector function of the position, Then

.
(q)=;£qdv [

where V is a sample volume, assumed to contain many particles, but still small compared to the
plug dimensions. Averages of vector fields (pressure gradient, fluid velocity, electric field) and
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scalar functions (e.g. concentration) are important quantities in this study. In general, g varies
significantly over distances of the order of the particle radius, whereas {g) varies over distances
of the order of the plug dimension.

An electric current can be induced in the plug by forces on the ions. The most common forces are

generated by an electric field E or pressure gradient Vp. For small forces the response is linear:
(F)=K'(E)+ K}(-p) 2
Here, K is the electric conductivity. O'Brien and Perrins (5) found that for a plug, composed of

close-packed monodisperse spheres with thin double layers (ke >>1) in a symmetrical

electrolyte, K * is related to the relative surface conductivity parameter Du; according to:

*

K
X

=1+3¢[f(0)+iz%.——£2—(f(l?uz)—f(0))] [3)
where ¢ is the particle volume fraction, ez; is the i-type ion charge, f; is the ion friction
coefficient, and n;” the equilibrium density beyond the double layer (superscript e). The
subscript i=1 refers to the co-ion, i=2 to the counterion. In this theory only the surface
conduction due to the excess of counterions in the double layer is taken into account. Or, for that
matter, the (negative) contribution due to the exclusion of co-ions is considered to be
insignificant. This assumption is justified in the sitnation of relatively high surface potentials
where the double layer is non-linear. K™ is the electric conductivity of the equilibrium electrolyte
beyond the double layer:

K*=YK>, K"=ezn if" [4]

and f(Du,) is a tabulated function of D, and the type of lattice. Du; is related to the absolute
surface conductivity K via:

—_ ]

Du; = K (5]
where a is the particle radius. The surface conductivity K7 can be related to the excess of i-type
ions in the double layer. We allow the ions behind the shear plane to be mobile with mobility u,‘
The conductivity in the non-stagnant double layer regime consists of two parts (5): (i) a
contribution caused by the movement of charge with respect to the liquid and (ii) a contribution
caused by the electroosmotic liguid flow relative to the particle surface. This electroosmotic flow
makes the ions move faster relative to the surface. We can write:

K? =ilo! +(1 +3m,-/z,—2)ftf°0'f fé]

10
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where m; is the dimensionless ionic drag coefficient: m; = 2ekTf™/3ne2, € is the fluid
dielectric permittivity, & is the Boltzmann constant, T is the temperature, 77 is the fluid viscosity,
af and of are the (surface) densities of charge behind and beyond the shear plane, respectively,
ﬁ: and i arc the ion mobilities behind the beyond the shear plane including their sign:
i =zel fi, u =|ﬁ‘-i. We have assumed that the ions move according to their bulk mobility
beyond the shear plane. It is convenient to introduce the ratio &;, which is the conduction behind
the shear plane relative to the conduction due to electromigration beyond the shear plane?:

©; =iio} /i of [7]
More common is the notation relating X or Du, to the {-potential (10,5):
2 3ml
Du; = - 1+ +0; |[exp(-zel /2kT) - 1] [8]
Z

The current ( ) due to an imposed pressure gradient is known as the streaming current. O'Brien
related Kp to Du, and the {-potential (7): _
* T
K, =- &1 "‘g [1+3¢f(0)] - —-31n2 o(Duy) (9}
kT M|

where p is the pressure and g(Du, ) is a function of Du,, tabulated by O'Brien, also depending
on the type of lattice.

2.2. Limiting expressions for high electrolyte concentrations

Equation {3] can be simplified and extended to cope with surface conduction due to both types of
ionic species for the case where Du, is small (D, <<1}. Experimentally this condition 1s
fulfilled at sufficiently high ionic strengths. Then f({Du,) can be expanded till first order in Duy:

df (Duy)

D] D= F0)=2Df(0) [10]

Du,=0

f(Duy) = f(O)+ =——=

The derivative in Du, =0 can be estimated from numerical data (5,8) by assuming f(Du, ) 1o be
linear between f(0)=-04 and f (%) = 0. Substitution of this expression in Eq. [3] yields:

= (1+ 3£ (0))K™ - _6@; O g 1

The incorporation of surface conduction due to a negative excess of co-ions is straightforward in
this low Dy;-limit. Since the low relative surface conduction is interpreted as a perturbation,
cross-terms involving Duy D, are unimportant and the surface conductivity is just the sum for
the two species. Hence, K§ in Eq. [11] can be replaced by K%:

2 This @, is somewhat differemt from ©, = o' / O';I intreduced by Kijlstra (9).
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=2
K=Y kP (12
i=]

This is the Bikerman expression for the surface conductivity (11,12). Surface conductivity is an
excess quantity. Therefore, counterions contribute positively and co-ions negatively as can be
seen from Eq. [8]. In a plot of K™ versus K™, Eq. [11] describes a straight line if the surface
conductivity K does not change with the electrolyte concentration. The slope of the curve is
determined by the type of array and the volume fraction but is independent of the surface
conductivity. Surface conduction results in a non-zero intercept. The intercept is directly
preportional to the surface conductivity and to the volume density of surface arca (surface arca
per unit plug volume) which scales with alina close-packed plug. Formula [11] is very suited
for a fast analysis of plug conductivity data (13). It immediately reveals the surface conductivity
K°.

If Du; << 1, g(Duy) =0 and the second term in Eq. [9] can be neglected. Hence, in this Jimit,
the Smoluchowski formula (7) is obtained and can be used in the interpretation of streaming
potentials,

2.3. Liquid transport and plug permeability

From the liquid flow through the plug upon applying a pressure gradient, information on the
consistency of the plug can be gained. To that end the average liquid velocity has to be related to
the plug parameters a and ¢. Zick and Homsy (14) and, more recently, Kang and Sangani (8)
calculated the Stokes flow through a bed of spherical uncharged particles. If 6znaM{V) is the
average force on a particle in a fixed bed through which a fluid with average velocity (v} is
pumped, (V) is related to (?p) according to:

=22 (Vp) [13]

where M is a non-dimensional number, found by solving the Stokes equations. M is determined
by the type of lattice and volume fraction. For infinitely dilute suspensions, M=1. Kang and
Sangani found M=105.2 for a random close-packed array (¢ =0.611). Zick and Homsy
determined M in SC, FCC, and BCC arrays for volume fractions between zero and the
maximum value for close-packed systems. The average velocity (V) is related to the measurable

liquid flow rate J and the plug cross section A via J = |(17)|A
3. EXPERIMENTAL SECTION

3.1. Latex preparation and characterisation
Monodisperse polystyrene latex with sulphate groups was made using the procedure of Goodwin
et al. (15) with K,5,0;3 as the initiator. The polystyrene sulphate latex was cleaned by steam-
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2
added 0.01 M KOH (ml)

Figure 1. Conductometric titration curve of polystyrene sulphate latex.

stripping and brought in the H*-form by treating it with purified Dowex ion exchange resins
{mixed bed) according to the method described by Van den Hul and Vanderhoff (16). From
dynamic light scattering a particle radius of 400 nm was obtained. By the Single Particle Optical
Sizer (17} less than 1% of the particles was found in doublets. The polydispersity ratio &, /a,
from E.M. photographs is less than 1.003 for particles made via this procedure. Drying at 90 °C
and 130 °C (the latter temperature well above the glass transition temperature of the polystyrene)
yields dry weights within 1% which indicates that water has evaporated but no (poly)styrene.

A conductometric titration was performed to determine the surface charge density. A volume of
50 ml latex, 4.76% by volume, was titrated under stirring in a vessel at 25.0 °C in a nitrogen
atmosphere. A burette (Metrohm, 655 Dosimat) dosated small aliquots (0.1 ml) of 0.01 M
KOH. The conductance was monitored with a precision bridge (Wayne Kerr, Automatic
Precision Bridge B905) equipped with a conductivity cell (WTW, LTA 01, cell constant
1.2 m™"). The complete set-up is automated. From Fig. 1 it is concluded that there are strong
acidic groups on the surface. Presumably these are sulphates, as expected from the used initiator,
The surface charge density was found to be o’=-64 ;.tC/cmz.

3.2. Plug preparation

Close-packed plugs were made by centrifugation (at 7-10° % g mfs?) of a 10 vol% latex
suspension for two hours, The particles were directly centrifuged into the plug holder (cylinder
with length 1.5 cm, diameter 1.0 ¢cm). Via this wet method homogenous plugs were made and
encapsulation of air bubbles was avoided. The plug is placed between two platina-blacked
electrodes. Small holes in the electrodes allow for liquid transport through the plug. Membranes
between the plug and electrodes preventing the plug for possible disintegration were not
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necessary for these plugs if handled with care. Two reservoirs filled with electrolyte solution are
connected with the plug ends. Pressure is put on one of the reservoirs for rinsing purpose or for
performing streaming potential experiments.

3.3. Streaming potential and conductivity equipment

The streaming potential is determined with a home-made set-up. The basic design of Van der Put
{3,18) has been fully automated. The equipmnent can be used for plugs as well as for flat plates.
The pressure difference is applied by means of nitrogen and the sensing electrodes can be
connected to a voltmeter or a conductivity meter, Throughout a number of years this equipment
has proved to provide accurate and reproducible resnlts. The determination of the streaming
potential at six applied pressures varying between zero and Ap = 0.40- 10°N/m? takes only 15
minutes and the plots show perfectly straight lines where correlation coefficients of 0.9999 to 1
are common. Even at high ionic strengths where streaming potentials of less then 1 mV are
found, correlation coefficients better then 0.999 are usual (19).

4. RESULTS AND DISCUSSION

The liquid flow rate J through the plug was measured for every electrolyte concentration in order
to check the plug. Plug breaking is shown immediately by a change in the rate in contrast with
the conductivity and streaming potentials which are rather insensitive to small cracks in the plug.
The average fluid velocity {¥) has a tendency to decrease with decreasing electrolyte
concentration, but always remains within a 15% range: J=(0.25+0.02) mi/hour and
[(7)|=8.8-1077 m/s (at Ap=0.40-10"N/m?). This indicates that the influence of the diffuse
double layers on the fluid velocity is of minor importance. This is expected; even for the lowest
electrolyte concentration Ka = 13. Hence, {¥} can be compared with calculations of Stokes flow
through a bed of spherical uncharged particles, as performed by Zick and Homsy (14) and Kang
and Sangani (8). From Eq. [13]} we calculate |(§)| =16-10"" m/s for a random lattice. This value
significantly exeeds the measured velocity. Zick and Homsy computed M as a function of the
volume fraction for the three previously mentioned arrays. In their figure 1 the sensitivity in M
for ¢ is shown. From three independent methods it will be shown in this section that
¢ =0.63%0.01 which is in line with the lower liquid rate.

Before every measurement of the liquid rate, conductivity, and streaming potential, the plug is
rinsed intensively with the new electrolyte solution until the conductivity attains a stationary
value. In Fig. 2, by way of illustration, the conductivity and the specific resistance, p* =U/K,
are shown as a function of time after exchanging the electrolyte solution in the reservoirs from
100 to 30 mM KCl. The conductivity decreases after applying the pressure difference
(Ap=040-10° N/m?). The time needed to attain a new stationary situation is related to the
length { of the plug, the volume fraction ¢, and the average fluid velocity (V) (see appendix A
for a full derivation) and is of the order of hours for our set-up. (7} scales with a”, so for larger

14




STREAMING POTENTIALS AND CONDUCTIVITIES OF LATEX PLUGS

0.35 g

0.30 - 7

—_ -6
_- o
5 0.25 4 ,-:
) 5 R
", 020 - 2

> - 4

0.15 1 L 3

0.10 T T T T T T —T 2

0 20 40 60 80 100 120 140 160

t (min)

Figure 2, Plug conductivity and specific resistance versus time after changing the
electrolyte in the reservoirs from 100 to 30 mM KCl and applying pressure.

particles the new situation is atlained faster. On the other hand, rinsing a plug with particles of
e.g. 40 nm will take days. The volume fraction can be obtained from the linear part of the p*(r)
curve as is shown in appendix A. The value ¢% "/t - 0.63£0.01 is obtained from three Pl
curves: 100 =30, 30— 10 and 10 =3 mM. The error covers the three calculated values.

The plug conductivity is calculated from the plug conductance and the cel! constant based on the
cell geometry. In Fig. 3 the electric conductivity of the plug is prescnted as a function of the
electric conductivity of the bulk electrolyte for the four different counterion species. The
influence of the nature of the counterion on the plug conductivity is evident. For high electrolyte
concentrations a linear dependence is found as is shown by the straight lines which are fits
through the four points corresponding with the highest electrolyte concentrations. We note that
curves of K~ versus c are less straight at high electrolyte concentrations since the linear relation
between K™ and c is invalid due to activity effects. The measurement in 100 mM HCI is not
included in the graph in order to show the information in more detail, but it perfectly lies on the
straight line. This linear behaviour is expected for a surface with constant K5 as predicted by
Eq. [11]. The slope of the curves is given by (1+ 3¢/(0)) and, hence, must be identical for the
four electrolytes. This is confirmed by the experiments. From the intercepts the surface
conductivities K can be obtained. For a fast interpretation of the conductivity data according to
Eq. [11], the reader is referred to Ref. {13). In the range ¢ <3 mM the conductivities deviate
from the straight lines. This is expected from the theory since in that range double layer
polarization becomes significant. Below, we will present the more elaborate interpretation based
on Eq. [3] which is operational in the low elecirolyte range as well.
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Figure 3. Conductivity of the plug as a function of the conductivity of the bulk

solution for the electrolytes HCI, KCI, NaCl, and LiCl. The straight lines are fits
based on the data corresponding to the four highest electrolyte concentrations.

The relative surface conductivity parameter Du, is obtained from the conductivity measurements.
The slope of the curve at high electrolyte concentration is given by (1+ 3¢f(0)) where we have to
keep in mind that f{0) is a weak function of the volume fraction ¢. For our plug, f(0} is
estimated by the method of cubic interpoiation between the results for the three regular arrays (5).
This allows computation of the volume fraction ¢°°" from the limiting slopes. We determined
9" iteratively and found ¢°°® = 0.633 £0.008. The error is based on the four values obtained.
It is now straightforward to extract the experimental f(Du,) from the conductivity data. The
theoretical relation f(Du,) is estimated for ¢ =¢°" by cubic interpolation between the
numerical results (5). By linear interpolation between the computed f(Du,) versus Du, values,
Du, is found for the measured f(Du;). We were not able to calculate Dy, for ¢ <1 mM since
F{Duy} is not tabulated for Du, > 5 in (35).

From these Du,-values the surface conductivities K5 are calculated according to Eq. [5). In
Fig. 4, K3 is presented as a function of the electrolyte concentration. For c23mM K§ is
nearly independent of the electrolyte concentration and K¥ tends to be higher for lower ¢. The
more mobile the counterions are, the higher is the surface conductivity X5 . In Fig. 5 we have
depicted the average of K (¢ =3 mM) as a function of the limiting (¢ 1 0) bulk counterion
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mobility #; (from Ref. (20)). All the peints are on a straight line which does not intersect the
origin. This dependence shows that in this respect there is no counterion specifity. From Fig. 5 it
follows that there is a contribution to K5 which is proportional to the counterion mobility and a
counterion-independent contribution. If the assumption is allowed that surface conduction due to
the negative excess of co-ions is negligible, double layer characteristics can be determined from
these results. According to Eq. [6] and the assumption that @, is independent of the electrolyte
concentration these two contributions are due to electromigration and electroosmosis,
respectively. The obtained double layer characteristics (from Eq. [6] and the assumption
6 + 64 + ¢ = 0) are tabulated in Table 1. The absolute errors are based on the absolute errors
in the slope and intercept due to scatler in K5 in Fig. 5. The counterion mobility in the stagnant
part of the double layer is lower than its value in the bulk, albeit of the same order of magnitude.
Furthermore, a large part of the conduction is due to migration behind the plane of shear.

Table 1. Double layer characteristics obtained from conductivity experiments and .

o4 (uClem?) l o (uClem?) ] whIus | 6, | @l us
41709 | 22409 | 088+014 | 06+04 | 098 +0.03

The average ion mobility in the double layer can be calculated from the surface charge density
and slope only and is therefore quite accurate. The average ion mobility in the double layer does
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not differ much from the bulk mobility. Midmore et al. (2,21) came to basically the same
conclusion on the basis of high-frequency dielectric response experiments (MHz regime) on
concentrated polystyrene sulphate latex suspensions. So did Kijlstra (9) et al. from dc
conductivies of dilute sulphate latex suspensions obtained by Van der Put (3). The insensitivity
of K5 to the electrolyte concentration was also found in these studies.

The conductivity experiments can be compared with a study of Midmore et al. (21) who
measured the high-frequency dielectric response (MHz regime) of similar latices in electrolytes of
10 mM in ionic strength. Their "latex 2" coincidentally has a surface charge densily of
-6.7 ,u.C/cm2 which is close to ours. In their table ITI, the relative surface conductivity A and the
bulk conductivity are presented from which we have calculated the absolute surface conductivity
according to K5 = AK”a (a =339 nm, note that Du, # A) in the electrolytes LiCl, NaCl, KCI,
and (CH4),NC). These surface conductivities are included in Fig. 5 as triangles. Midmore et
al.'s data also show a non-zero intercept of the line through the points of LiCl, NaCl and KCIL
Probably due to specific adsorption of the relatively hydrophobic (CH;),N*-counterions onto
the hydrophobic latex, these ions are retarded in their mobility and this point is situated below the
line. These results show that the dc conductivity of a latex in indifferent electrolyies can be
predicted quit well if the surface charge density as well as the bulk mobility of the ions is known,
The insensitivity of the surface conductivity to the electrolyte concentration (¢ =3 mM ) needs
commentary. It implies that no charge may move from beyond to behind the shear plane upon a
change in the ionic strength. If the shear plane is situated at a fixed position with respect to the
particle surface, the countercharge behind and beyond this plane should be rather insensitive to
the electrolyte concentration in the limit of high { -potentials due to the cancelling of two effects.
A decrease in ¢ causes an increase in k! and the countercharge beyond the shear plane.
However, the surface potential for this surface with constant charge density will increase upon an
electrolyte concentration decrease. It is well known that the surface charge is more effectively
screened at higher surface potentials resulting in more charge behind the shear plane. A stagnant
layer with constant thickness can be caused by the polymer hairs on the surface. Furthermore,
the viscoelectric effect can also sort this effect (18). As demonstrated by Lyklema and Overbeek
(22,23,18), the charge beyond the shear plane is effectively constant.

For concentrations below 3 mM, K¥ tends to increase with decreasing ¢. Unfortunately no
numerical results are available to determine K5 for ¢ <1mM. This trend might continue for
¢ <1mM and could be caused by computational problems (since f(Du;} is only known for
some discrete values of D) or by a limitation in the used theories. As for the latter we note that
the equations have been solved for particles which are surrounded by an infinitesimally thin
sheet, responsible for the surface conduction. The particles are assumed to make no direct electric
contact (onky in one point, the contact point) but are electrically connected via the bulk electrolyte
in between them. For high ¢, nearly all the current travels via the bulk. For ¢ where Duy, = O(1)
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Figure 6. Streaming potentials per unit Figure 7. Streaming currents per unit
applied pressure difference as a function applied pressure gradient as a function of
of the electrolyte concentration for: (O) the electrolyte concentration. Symbols as
HCI, (O) KCl, (¢) NaCl and {(a) LiCl. in figure 6.

the current in the bulk is comparable to the current which is transported in the double layer. Both
situations have in common that current gradually enters the double layer over one side of the
particle, and gradually leaves the double layer and enters the electrolyte solution again over the
other side of the sphere. However, for low ¢ where Du, >> 1, the major part of the current is
transported via the double layer. It travels to the next particle by crossing the gap, in theory
assumed to be filled with bulk electrolyte, nearby the contact points. The lower ¢ is, the closer to
these points the current will cross. Gradients in the increasing contribution of higher order
morments in the electrochemical potential with increasing D, (5) are the driving forces for this
transport in the vicinity of the contact points. Since the process of crossing-over becomes rate-
determining at low electrolyte concentrations, the plug conductivity will, with decreasing ¢,
become increasingly sensitive to the manner by which electric contact is made between the
particles. In this respect we mention double layer overlap. In appendix B we estimate the effect
of double layer overlap and show its importance for low electrolyte concentrations. If particles
slightly deform during centrifugation, the contact points will become flatspots and electric double
layer overlap is made even more pronounced. In ¢ =0.1mM, Du; =22 estimated from the
surface conductivities in ¢ 23 mM. The conductivity results at higher electrolyte concentrations,
where Du, << 1, are of course insensitive to these effects. Therefore, it would be interesting to
investigate the conductivity response upon compression of the plug at low ionic strengths.

In Fig. 6 the measured streaming potentials AV, per unit applied pressure difference are depicted.
The streaming potential carves are hard to compare since the plug conductivity also depends on
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Figure 8. Comparison of {-potentials for polystyrene latex plugs in KCl,
calculated according to different theories: (0) (", @) ™ via Kang &
Sangani, (¢) £™ via O'Brien and Perrins, (&) £%2°0, ) £&3™!,

the type of electrolyte. Therefore we have depicted in Fig. 7 the streaming currents normalized
per unit applied pressure gradient. The differences between the curves are small, which again
indicates the indifferent nature of the ions. For indifferent electrolytes, theory predicts no
differences at all at high electrolyte concentrations {since Du,<<1). The experimentally found
minor differences in Fig. 7 between the results for H* and the results for other ions at these high
concentrations can be explained by a few weak acidic groups (probably carboxylic) that might be
present on the latex surface. However, protons essentially behave as if they are indifferent. For
Du, = O(1), theory predicts some differences between indifferent electrolytes with unequal
counterion mobilities. Then the electroosmotic term in Du, (Eq. [81) differs.

The following analysis is based on the KCl results. By assuming immobility of ions behind the
shear plane (@, =0), the {-potential {*" is straightforwardly obtained from Du, and
compared in Fig, 8 with {-potentials obtained by a variety of other methods. {-potentials can be
calculated from the streaming currents. As long as the double layer makes a negligible
contribution to the plug conductivity ( Du,<<1), streaming potential measurements can be
interpreted with Smoluchowski's formula (g =0). For low electrolyte concentrations this
restriction is violated and the second part of Eq. [9] becomes important in obtaining ¢ -potentials
from streaming potentials (g # 0).

To demonstrate the importance of surface conduction in the interpretation of sireaming potentials,
first the {-potential {¥™ is calculated from the streaming current with Smoluchowski's
equation (Eq. [9], g =0) and depicted in Fig. 8 as a function of ¢. A maximum in the -potential
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is found at ¢ = 3 mM . The occurrence of a maximum in ¢ is unlikely for a surface with constant
surface charge density.

The measurements can be interpreted in a more advanced way by applying O'Brien's theory and
the assumption that ions behind the shear plane are immobile. Then Du, is a function of the §-
potential only and {®27° is calculated from the streaming currents and Eq. [9]. Therefore,
g(Duy) is found from ¢°®" via the same cubic interpolation procedure as previously described
for the determination of f(Du,). We included ¢®=% 45 a function of ¢ in Fig. 8. The (-
potentials are less underestimated in the low concentration regime, however, the maximum still
exists. Moreover, the high conductivities, as shown by the discrepancy between £°" and
¢®=0 are not yet explained.

We now present a further advanced method for the interpretation of the data. Therefore, g{Du,)
is obtained from ¢°" and Du, which were calculated from the conductivity data. The {-
potentials are computed from the streaming potentials, g(Duy), and (1 +3¢f(0)} via Eq. [9]. In
this way the total surface conduction, i.e., conduction beyond and behind the shear plane is
taken into account for the determination of £°°™ (indicated with the super index 'comb’ since it
is obtained from the combination of two types of electrokinetic measurements), In Fig, 8, {©™°

{(via O'Brien and Perrins) is also included as a function of ¢.
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Figure 11. ©®, obtained from the combination of streaming currents and plug
conductivities according to (©) O'Brien and Perrins and ([J) according to Kang and
Sangani.

By this method two discrepancies are eliminated. The maximum in the ¢-potential disappears
and the conductivity and streaming current data are explained with the same surface conductivity
by placing a part of the mobile countercharge behind the shear plane (&, # 0).

Studies of the influence of the co-ions were carried out with a new plug in KCl and KOH. Figure
9 depicts the streaming currents per unit applied pressure gradient for these electrolytes
(¢ 23 mM). The streaming currents are nearly identical for the two different ion types which
indicates absence of specificity. In KOH they are slightly higher which can be caused by
dissociation of some carboxilic groups. Figure 10 shows the conductivity of the plug as a
function of the conductivity of the bulk electrolyte. The KOH conductivity curve is situated
below the KCI conductivity curve. Hence, the surface conductivity is lower in the electrolyte
solution with the more maobile co-igns. This observation is in line with the classical Bikerman
expression for the surface conductivity where the co-ions negatively contribute. In principle it
must be possible to divide surface conduction into a (positive) counterion contribution and a
(negative) co-ion contribution. A first rough estimation based on Eq. [11] and [12] shows that
the values in table 1 can be changed significantly when we include this effect of the co-ions.
However, we suggest a more rigerous study with a large number of co-ion species. In the
present investigation KOH was used to show the influence of the co-ion species on the surface
conductivity. Due to the relatively high mobility of the OH™ -ions, the shift of the conductivity
curve downwards was significant and could be detected. As a last remark we note that in an
electrolyte with highly mobile co-ions, X° can even be smaller than zero. Then, the conductivity
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curve extrapolated from high electrolyte concentrations to the K -axis will have a negative
intercept. The measured K " can, of course, never be negative.

It is also possible to obtain @&, from the combination of the streaming currents and the
conductivities. From ¢*®™ and Du,, ©, is calculated and the result is depicted in Fig. 11, At
low electrolyte concentrations the values for @, are significantly higher than the value from the
conductivity measurements only. An explanation counld be found in the still rather primitive
interpretation of liquid flow in the double layer. The viscosity is supposed to jump from infinite
to the bulk viscosity by crossing a plane, indicated as shear plane. In reality this transition will be
more gradual. More advanced hydrodynamic models for the double layer, involving a position-
dependent viscosity or the incorporation of exira friction on the solvent due to the polymer hairs
present on the surface might give more insight in these effects. This discrepancy seems to be
severe, but we have to realize that values for @, as high as 100 are reported (24). Here &,,
found via two methods, appears to be of the same sign and order of magnitude,

As a last result we have calculated the {-potential according to Kang and Sangani who made
theory for a random lattice. Since ¢ is found to be slightly higher than 0.611 for a random
lattice, we again used the method of cubic interpolation, now between the SC, random, and FCC
arrays. The calculated ¢ -potentials £*™ according to Kang and Sangani are depicted in Fig. 8.
The difference in £°™ for the two methods shows the sensitivity to the way in which particles

£ are of the order of the

are piled. Since in principle this is unknown, the errors in
differences in £ comb pween the two methods. However, calculations according to the method
of Kang and Sangani are probably the best option to interpret the data since in reality the lattice
will not be far from random. The values for @, obtained from the combined measurements

according to Kang and Sangani are depicted in Fig. 11.

5. CONCLUSIONS AND PERSPECTIVES

In table 2 we summarized the volume fractions obtained via the different methods. The values are
comparable within the experimental errors and significantly higher than the value 0.611 for a
random close-packed lattice. This is in line with the relatively low plug permeability.

Table 2. Summary of the volume fractions determined by different methods.

¢w | ‘Pdp‘/d: | ¢con
0.635 £ 0.003 I 0.63 £ 0.01 | 0.633 * 0.008

We were able to obtain important double layer characteristics from the plug conductivity
experiments. The observed surface conductivity could be interpreted according to the classical
Bikerman expression corrected for conduction behind the shear plane. It was shown that
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electroosmosis contributes positively and the negative excess of counterions contributes
negatively to the surface conductivity. The surface conductivity is insensitive to the electrolyte
concentration in the range 3 < ¢ £ 100 mM. Although some discrepancies exist in ©,, obtained
in different ways, a significant part of the conduction seems to take place behind the slip plane
{@, = 0O(1)). The average ion mobility of the indifferent counterions in the double layer is close
to the bulk mobility. Hence, the mobility of counterions behind the shear plane must also be
close to the bulk mobility.

The combination of conductivity and streaming potential measurements resolves two problems:
more realistic { potentials are obtained and the large conductivity can be explained in terms of
conduction behind the shear plane.

Options for further investigation. The advantage of plug conductivity experiments over all other
conductivity experiments is the extreme sensitivily. The experiments suggest that even in
concentrations much higher than 100 mM, surface conductivities can be obtained. This can be
tested. Furthermore, retarded motion can be studied. Midmore showed the retardation in mobility
of ions (21) specifically adsorbing in the inner Helmholtz plane. We also expect a
hydrodynamically retarded motion when counterions are moving at a distance from the surface
comparable to the hydrated ionic radius. For a K*-ion, a =~0.13 nm. From the Gouy-Chapman
model we have calculated that approximately 20% of the countercharge is situated behind a plane
located at 0.13 nm from the surface. For a particle with surface charge density of e.g.
20 ,uC:‘c:m2 this will be nearly 50%. In the latter situation, the counterion mobility in the double
layer must be lower than the bulk mobility even in the absence of specific interaction. Not finding
this behaviour could indicate the presence of a rough surface with protruding surface charges.
The extra adsorption of uncharged polymers might be able to impede ion motion. Furthermore,
we suggest experiments with moltivalent, possibly indifferent counterions. The ratio between the
electroosmotic and electromigration terms is proportional to zgz. Hence the intercept in Fig. 5
must decrease strongly.

Since the latex particles in the present study show an ideal conductivity behaviour in dc as well as
high-frequency dielectric studies, low-frequency dielectric response measurements are highly
recommanded for this system.

In conclusion, investigation of these high density systems is the only method to see subtle
differences in the surface conductivity at high electrolyte concentration. Effects of double layer
overlap, not rigorously taken into account by theory, may obscure the results at low electrolyte
concentrations. Therefore, measurements in dilute suspensions (e.g. low-frequency dielectric
response experiments) must be performed in order to obtain a complementary set of results. We
are convinced that plugs offer interesting prospects for further electrokinetic studies.

24




STREAMING POTENTIALS AND CONDUCTIVITIES OF LATEX PLUGS

APPENDIX A

When new electrolyte of a different concentration is pressed through the plug with length I and
cross-section A, and mixing of the two electrolyte solutions inside the plug is negligible, the
resistance R* of the inhomogeneous plug can be calculated from two homogeneous plugs placed

in series:

Rl l |4 bt (A.1]
K A K, IK; |A
I 2
where KE: and K;z are the conductivities of the two parts and /, and I, their lengths,
respectively.

To obtain the velocity at which the electrolyte profile travels through the plug, we have to solve

the conservation equation:

% =-V.nv [A.2)

We may neglect transport due to diffusion on the time-scales of interest. Taking the volume
average over a small (compared to the plug-dimension} cylindrical volume element V {cross
section @ much larger than a, length ¢ much larger than a, cylinder axis parallel to the
pressure gradient), containing a large number of particles, and applying the divergence theorem
yields:

Hn)

1 ¢4 1 ¢
= — (V. npdV = ——— [ 7 -nvda i
5 1_[ ndV ‘J;n nv [A.3]

where # is the unit vector normal to the surface of the volume element. The contribution from the
curved surface is zero because the integrand will be as often positive as negative (no net transport
of ions through this surface). For not too low electrolyte concentrations, the major contribution
to the surface integral stems from the area situated beyond the double layers in the two flat
surfaces O and O, enclosing the cylinder. Since the density » in such a surface is approximately
constant beyond the double layers, we may take the densities out of the integration:

an) 1 ﬁ,ngdA:_&% Iﬁ.;ﬂ:-%‘(iﬂ [A.4]
O, +02 & 02
The bulk density » can be related to {#) via the particle volume fraction; (n} =(1— $)n, hence:

o) _ ) 3He)
o0 [A.5]

The solution to this equation is well known: a profile that travels with velocity ¥ = |(17)| l-¢).
Then,
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h=vt, L=I-vt [A.6]

Combining these equations yields the specific resistance p” of the inhomogeneous plug as a

function of time:

*

: +(1 —L}—Kﬁ—)'t 0<e=ifv
P ===

KL
Ky
The average velocity |(7)| is simply calculated from the liquid rate J via J =|(7)|A. The volume

dp” /dt

fraction ¢ is obtained from the slope of the p*(f) curve.

APPENDIX B

We will consider the electric conductivity in a SC array in the situation of a high relative surface
conductivity. The total current flowing through the double layer of a single particle (sp) is

1,, = E,K°2rasing [B.1]

where E, is the component of the electric field along the surface and @ is the appropriate angle in
spherical co-ordinates. The angle where double layers of neighbouring particles just overlap is
approximately 8 = (x‘a)_% in the situation of thin double layers. When we assume that the
overlapping double layers short-circuit the touching particles, the potential jump over a particle
between the two contact points is found by integration along the particle surface:

7 n-{xa) 2 40

1 I
v, =—2= = ——P_in{tan{(4xa) %)) = —Z_In(4Ka B.2
sp 2EK6 (m)Al,'Z sin@ TK° l']( aﬂ(( ) )) Z’TKU n( ) [ ]

Note that not only the integrand diverges for 8 =0 and 8 =&, also the integral is non-existing.

This shows the sensitivity to the manner in which contact is made between the particles.

The potential difference AV over the plug of length / equals the sum of the individual particle

contributions, i.e., AV =V l/(2a), and the current through the plug with cross section A is

equalto J=17,4 /(4a2). Combination of these results yields:
S

a In{dxa) [B.3]

For example, in 0.1 mM electrolyle, Eq. [B.3] gives K™ =0.8 K° /a while the double layer
contribution to the conductivity in high ionic strengths is equal to —6¢f(0)K° fa=~1.2 K% /a.

These values are comparable.
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Chapter 3

Low-FREQUENCY DIELECTRIC RESPONSE OF
POLYSTYRENE LLATEX DISPERSIONS!

ABSTRACT. The low-frequency permittivity and the conductivity increments of a well-
characterised polystyrene sulphate latex with constant surface charge density were measured in
Kl electrolyte solutions. The ionic strength was varied in the range 0.4-6 mM. The data could
be explained with one absolute surface-conductivity parameter over the complete concentration
range. The titratable surface charge density correlates well with the surface conductivity, with the
ions in the double layer having the bulk mobility. The results are in good agreement with static
conductivities of plugs composed of the same particles obtained in a previous study (1). The
electrokinetic charge obtained from streaming potentials (1) in that study is significantly lower,
confirming the presence of conduction behind the shear plane.

In order to interpret the conductivity data, simple analytical expressions have been derived for the
frequency-dependent complex conductivity of a dilute dispersion of spherical particles with
relatively thin double layers { xka >> 1 where a is the particle radius and x~! the double layer
thickness). The expressions are restricted to binary suspending electrolytes. However, no
restrictions on the ion mobilities and ion valences are made. Our results agree well with the
numerical results of the dielectric model of Mangelsdorf and White (2,3) and reduce to O'Brien's
static conductivity results (4} in the limit of low frequencies.

¥ Submitted for publication in J. Colloid Interface Sci. in coauthorship with Leeuwen, H. P. van, Lyklema, J.
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1. INTRODUCTION

The electrokinetic potential is one of the most common characteristics of charged surfaces.
Electrokinetic potentials however cannot be measured directly but must be deduced from
experiments by applying some electrokinetic model. A popular one is the "standard electrokinetic
model”. In this model the surface is characterised by a shear plane at which the potential is §.
The ions within the stagnant liquid behind the slip plane are considered tc be immobile.
Application of this standard model shows that generally {-potentials obtained from suspension
conductivities in dc or ac fields are systematically larger than those obtained from particle
mobilities (5-15) or streaming potentials on porous plugs (1). The most probable cause for this
inconsistency can be found in the neglect of conduction behind the shear plane by the standard
model (11,12). The extend of this conduction will be related to surface roughness, porosity, the
viscoelectric effect (13), the properties of a Stern layer or the presence of a macro-molecular
{hairy) surface layer. Such a hairy layer may be found on latex surfaces. Latex dispersions are
interesting systems for the investigation of this phenomena since they can be made as spherical
particles with a fixed surface charge density, monodisperse, and in large amounts. In a number
of studies on latexes, the {-potentials inferred from low-frequency (LF) dielectric measurements
have been compared to the "theoretically predicted {-potentials” based on mobility measurements
{(16,8-10). However, these latter {-potentials also contain the restrictions of the standard model.
In the present article LF dielectric data of latex dispersions will be given and related to the surface
charge density obtained from titrations to see in how far the conductivity data are anomalous in
themselves. It will be shown that one single absolute surface-conductivity parameter is able to
explain the dielectric spectra in the electrolyte concentration range 0.4-6 mM. This surface
conductivity does relate well to the countercharge, which is accessible via a titration, if the ions in
the complete double layer are assumed to have mobilities close to the bulk value.

The experiments will be interpreted for the case of relatively thin double layers (xa >> 1, where a
is the particle radius and «~! the double layer thickness). Although the observation of local
quasi-equilibrium in such an electric double layer is already more than 20 years old {17}, no
simple analytical expressions for the permittivity and conductivity of a dilute dispersion of
spherical particles with relatively thin double layers in an arbitrary binary suspending electrotyte
has been reported so far. The expressions obtained in previous theoretical studies are intricate,
restricted to symmetrical electrolytes (17-19), or incomplete (20}, This considerably limits the
practical use of these expressions.

Outline of the paper. Because of the lack of simple analytical expressions we outline in section 2
the derivation of tractable equations for the real and imaginary parts of the complex LF
conductivity of a dilute suspension of spherical particles in an arbitrary binary electrolyte. In the
experimental section 3, the characteristics of the home-made polystyrene sulphate latex are given,
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the LF dielectric spectrometer is described and the experimental conditions are indicated. Results
will be presented and discussed in section 4.

2. THEORY

2.1. Governing electrokinetic equations

We consider a spherical particle with radius a in a suspending electrolyte where the ion charge,
ion friction coefficient and number density of the ith type of ionic species (i =1,2,...,N) are ze,
J; and n;, respectively. The origin of our spherical co-ordinate system is located at the centre of
the particle. We will identify the position just inside the particle with a~, the position in the inner
part of the diffuse layer, adjacent to the surface, with a, the position of the shear plane with a®
and the position just beyond the thin diffuse double layer with a*. An oscillating electric field
with magnitude E; and (angular) frequency & is imposed:

E = Eyjexp(ion), K, :IEU[ (1]

The electric potential y, the space charge density p and the dielectric permitlivity £ = gy¢, are
related via Poisson's equation:

o N
VeV =—p==- zen [2]
&

where € = gy, is the permittivity of the medium. The boundary condition at the particle surface

is given by Gauss's law:

[s%’")‘ =—g? (3]

i

where ¢ is the surface charge density. Far away from the particle the electric field approaches
the applied electric field and the ion density approaches its bulk value (superscript " eo™):

€'V1=~E as F—roo [4}

R —H; 88 r—deo [5]

The ions are convectively transported by the fluid with velocity v and are able to move relative to
the solvent under the influence of electric and thermodynamical forces. The ionic flux density j:‘

is given by the Nernst-Planck equation:

- . 72:8
J; =ny ——-(H-L

- :kﬁw‘f’n,-) [6]

Ions are supposed to be unable to be transferred through the particle surface:

J-&.=0 at r=g (7]
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where &, is the unit vector, normal to the particle surface.

The motion of the fluid is described by the Navier-Stokes equations restricted to incompressible
fluid flow and low Reynolds numbers, with extra included an electrostatic force term. In the LF
domain of interest, the time-derivative term may be neglected (21):

nﬁf:—ﬁ’p—pﬁ’w:ﬁ [8]

V-v=0 (9]
where 7} is the liquid viscosity and p is the pressure. These equations must be solved subject to
the boundary conditions
=0 at r<a®

. {10]
=— of as r — oo

The liquid between r=a and r=d* is supposed to be stagnant. Here, v,r denotes the
electrophoretic velocity.
Conservation of ions implies:

oy e
—++V.-J=0 3
2 i [11]

If the applied electric field strength is low, the equations can be linearized around the equilibrium
values in absence of the imposed field (subscript eg). To that end we write:

W =y, + 8y + O(E))
1y = ;o + 81 + O(ES) [12]
etc.

The liquid velocity v is first-order in Ej. Substituting these expressions in Poisson's equation
and omitting the small non-linear O(Eg) terms yields:

6'8@6‘[/:—6,0:—22{6&15 [13]

Substituting Eqs. [12] in the conservation equation, subtracting the zero-flux equilibrium
situation and omitting the small non-linear terms gives us the linearized Nernst-Planck equation:

3 . kT (ze = = =
= Ny — 7(;{? (110 VO + 81Ty, ) + Vanj]
| kT & el
- o &G ;
= n!leqv - I’I,-’eq TlVI:k—Tal]/ + ;:::|

The term between square brackets is just the first-order perturbation in the non-dimensional
electrochemical potential ;.
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The linearized Navier-Stokes equation becormes:

v - Vép - p,, Yy — pVy,, =0 [15]
For the linearized conservation equation we obtain:
I,
—4v.J =0 16
> [16]

2.2, Equations and fields outside the double layer
Beyond the relatively thin diffuse double layer with thickness:

£ kT/EzZ 2n [17)

the electrolyte is unperturbed by the equilibrium double layer
Veq = 0, Rieg = e (18]

and the set of governing equations simplifies. The solutions to these simplified equations define
the so called "far fields" and are labelled with the superscript "f".
Beyond the double layer the Poisson equation reads:

Viey/ = —éZz,-ean,f [19]
€ 7
Using Nernst-Planck, the conservation equation for each species tums into:
f‘_oa 36n,f Vz[ oo G€ o f f]
o —b = n” =8y + on 20
o o Py ; (20

The convective term cancelled because of incompressibility. From hereon we will consider the
far less complex but comimon situation of a binary, nut not necessarily symmetrical suspending
electrolyte. Addition of the conservation equations for the two ionic species results in:

Vi =iwd&f, =fhl-afy 51
i 1 kT 3 f _ Zg [ ]
Multiplication of the conservation equations by z; and addition yields:
V2oy! = iw- [ /Wl ]Z o 221
.ﬂ] Z] +hy Zp

In obtaining [21] and [22] we used the electroneutrality condition Zl5nlf =—z25n§f . This
condition is exact if the ions have equal diffusion coefficients, and is a good approximation if
7 # £ as long as the frequency is much smaller than the Maxwell-Wagner frequency
(=0(X™ /€)). This was shown by Dukhin and Shilov (17) and Hinch et al. (20) by including
Poisson's equation. We have to note here that the electroneutrality condition only cancels
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insignificant terms. To a very good approximation, Eq. [22] still accounts for space charge
arising beyond the electric double layer if fi° = f,". Its right-hand-side is directly proportional to
the space charge density via Poisson's equation. Laplace's equation for the potential is operative
everywhere beyond the double layer if £™ = f;~. Then charge generation beyond the double
layer is absent and there are no assoctated diffusion potentials.

The unique sclution of Eq. [21] for c‘inif , which tends to zero far away from the particle, and able
to obey the boundary conditions just beyond the double layer, is:

d, ,a’F,
5n,.f = ""rz 0(1+Rr)cxp(—ﬂ.r]cos(@)exp(imt) [23]
where
das(l+iNwr, 7= "o’ [24]
2kT

The concentration polarization parameters d;, are related by the electroneutrality condition:
ad) g = =238 .
The potential beyond the double layer is given by:

d,a’E, oo _ oo
Sy =| —Egr+ ¥0 cos(e)exp(imz)—ﬂ[%)%&{ [25]
r € szi "‘Z]fz L£3)

where d,, is the polarization parameter for the electric potential. For non-zero frequencies, é'nf
has an exponential decay with position r. Hence, the asymptotic form of Sy is given by

3
f E@f—ﬁcos(a)exp(iwz) [26]
.

=—Fyr+
resaliwn)? 0

where

Clw)=d, for @>0 [27)

For zero frequency however, 6an has an rfz-decay. Then the asymptotic behaviour of 5y/f is
given by Eq. [26] where now

ke _fo-fr )1
=4, - —| ———=_|—4d 28
©=d, e[zzﬁw_z]ﬁ,]f 28)

This means that usually there is a discontinuity in the electric polarization parameter C{@) in
@=0. Only in the situation where f;” = f;° this discontinuity is absent (see also Refs.
(21,22)).

The polarization characteristics d;,, and d,, are determined by two additional boundary
conditions applied just beyond the electric double layer. These "inner" boundary conditions are
well known. Dukhin noticed that for frequencies well below the Maxwell-Wagner frequency,
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and not too extreme relative surface conductivities, the double layer is in local quasi-equilibrium
with the adjacent electrolyte (17). Then, at not too low relative surface potentials, the tangential
flux of co-ions along the surface is negligible due to the relatively low number density of these
ions in this region. Hence, 10 a reasonable approximation, co-ions (subscript "1") are not
allowed to enter the double layer regime (23):

[ wge
—|:n1 ;—Téwf+&z{]

> =0 [29]

r=da

The change in tangential flux of counterions (subscript "2") in the double layer regime is
balanced by the flux entering this regime radially from the neighbouring electrolyte:

Ol =22 51 f]‘
l:n.z kTﬁyI +&12

pa +Duya Vf{@%;awf +&nf J -0 [30]

+

r=q r=a

where Vf‘ is the usual Laplacian operator in spherical co-ordinates, but without the &/ dr-term.
Du, is the dimensionless relative surface conductivity parameter due to the excess of counterions
in the double layer. Physically, Du, can be interpreted as the comparison between surface
conduction and bulk conduction. Dy, is related to the absolute surface conductivity K7 via (6):

o
Dy = LY

= 31
i (311

where K3 =¢?23n5 ! f;° is the part of the bulk conductivity due to counterions. Since the far
fields change significantly only over distances of the order of the particle radius a, the boundary
conditions [29] and [30] may be imposed at the particle surface. The time derivatives, reflecting
accumnulation of ions in the double layer, are not important in the frequency regime of interest for
a surface with constant surface charge density. However, this term can be of great importance in
modern theories involving a dynamic Stern layer (24).
We allow the ions behind the shear plane to be mobile with mobility #; . Conductivity in the non-
stagnant double layer regime consists of two parts (6): (i) a contribution caused by the movement
of charge with respect to the liquid and (ii) a contribution caused by the electroosmotic liquid
flow relative to the particle surface. This electroosmotic flow make the ions move faster with
respect to the surface. We can write:

KY = @b} +(1+3my (23 ) i5 o5 [32]
Here, O'f and o’f are the (surface) densities of charge behind and beyond the shear plane,
respectively, ﬁ: and i are the ion mobilities behind the beyond the shear plane, respectively,
including their sign: it; = z;e/ f, w; = |ﬁ,| We have assumed that the ions move according to their

bulk mobility beyond the shear plane. The non-dimensional ionic drag coefficient #; is given by:
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_287kTfT

3ne? L3l

It is convenient to introduce the ratio @&; reflecting the relative contribution of conduction behind
the shear plane to the surface conductivity2:

o, =io!fira? [34]

Combination of Eqs. [32]-[34] relates the surface conduction to the total counterion
countercharge in the double layer { aiﬁ = crf +04):

2 1
K5 = 2 - i3 0% 35
2 [1+(a;°/az)@2 1+(a;/&5)@2['+3'"2/Z2]J“262 B3l

In principle, all countercharge can be situated beyond the shear plane (&, =0) or behind it
(&, = o) and hence &, may have a value between 0 < &; < o, For the common situation of not
too weakly charged particles, the counterions are responsible for the most of the countercharge.

Then, to a good approximation, Géﬂ = —a". Therefore KY is restricted to:

-iol < K§ < —[1 +3m2/z§]ﬁ§“0'0 [36]

The values for u‘2 found in a number of investigations (26,27,1) are smaller than the bulk value,
albeit of the same order of magnitude. Under the assumption 5 = i it is possible to estimate
K$ from titration data within the range specified above.

It is also possible to refate Dy, to the double-layer characteristics § and @, (28.6):

Du, = [H—'zl/fll] (1 +3m, /23 +6,) [exp( zzz;{:] 1] [37]
The current entering the double layer region (normally) from the adjacent electrolyte is more or
less equally carried by co- and counterions. This current is balanced by an increase or decrease in
the tangential current in the double layer region. However, this latter current is mainly carried by
counterions. Hence the individual ion fluxes are not balanced and the double layer will act as a
source of neutral electrolyte on one side of the particle and as a sink on the other side. These
excesses/depletions will diffuse into the neighbouring electrolyte and spread out over distances of
the order of the particle radius. After switching on a constant external field at +=0, a few times the
characteristic time T is needed to establish a stationary state. In an alternating field the surface is
aleernatingly acting as a sink or as a source, resulting in the concentration profile given by [23].
Application of the inner boundary conditiens [29] and [30] to [23] and [25] yields the relations
between the polarization parameters and the relative surface conductivity. For d,, we find:

2 This ©; is somewhat different from ©; =g} /o introduced by Kijlstra (25).
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= _%J’% 2+ ijzz(:?l)ﬁ ] [38]
where
_ 1+tda  _ oot +ies [39]
1+da+1Aa)*  (1+Jar)(1+wr)
and
h=22/fz"° to /R B [40]

Tl -alfT -

Notice that ~1<A <1 and d,, is real if one of the ion mobilities dominates (h — *1). This
expression for the dipole strength has also been found by Hinch et al. (20) for a particle with
constant surface charge density.
In the determination of the complex conductivity of the suspension in the next section, the
decomposition of dy, into its real and imaginary parts is wanted. The expression for this is easily
found from equation [38] but is rather extended. Therefore, we notice that the real part of the
denominator is much larger than its imaginary part for all frequencies and Du, values. Thus, the
real part of d,, can be approximated by omitting the imaginary part in the denominator. The
imaginary part of d,, is well approximated by linearization around ¥ = 0. Then we find:

gy =12 Mﬁ(l_hz)(l)_“ajz .

2 4 1+Du, 8 1+ Du,
[ oot " 101t J
(1+or)(1 +@t) — (1 - ))Du, 0t@t (2 +2Dwy) (1 + Yot )(1 + 01)

[41]

2.3. Conductivity in an alternating electric field
The complex conductivity K ofa systemn is defined by

i =KE [42]

where i is the electric current density. Formally K can be decomposed into its real and

imaginary components:
K(g.0) = K(p,0) +i0eE,(9,0) [43]
Here, ¢ denotes the particle volume fraction. In the absence of particles, K simply reduces (o:
R(0,0) = K= +iwe,ey = K™ (@) [44]

where K~ is the d¢ conductivity of the electrolyte solution and & the relative dielectric
permittivity of the electrolyte solution (=80 for aqueous solutions) which both are independent of
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the frequency in the regime of interest (@ << K™ / £4¢,”). For dilute dispersions, K for non-zero
frequencies is related to the asymptotic polarization parameter € (17,21) via

K(¢.0)=K> +3p CK™ [45]

As shown by Teubner (22), also the static conductivity can be found with Eq. [45] where the
limiting polarization parameter C{e . 0) and not C(0) must be used. Since d,,, is continuous in
o = 0, the conductivity over the complete frequency range is found after replacing C by 4, in
Eq. [45]. We have to note, however, that in principle this static conductivity cannot be measured
due to the finiteness of the measurement volume. Even if one would be able to get around natural
convection in the system, one would come to a frequency as low as @ = O(kT /! 2 F) where the
diffusion layer thickness becomes comparable to the characteristic cell dimension [ (as low as
107° Hz for a 1 ¢m cell). Then, the assumption in theory of an infinitely extended volume is
violated. Since d), calculated above is nearly real and nearly comstant in the range
W <<kI/ a’ 7, the static > conductivity can be experimentally obtained in the frequency range
KT11%f~ << w<<kT/a®f™. For practical reasons, e.g. of avoiding electrode-polarization
effects, the static conductivity is measured at frequencies sufficiently high {many orders above
kT /12 =) and sufficiently below kT'/a2 £, i.., usually in the kHz regime.

We can draw the conclusion that O'Brien's expression for the static conductivity is also

applicable for frequencies in the above specified range. In this respect, Dukhin's critical note in
Ref. (29), stating that O'Brien's static conductivity results are only applicable for nonpractical
frequencies @ << kT / [2]? is incorrect.

Substituting Eq. [41] in [45] we find to a good approximation:

- o 1. 3 Du(1+h)
K(p,w)=K" +3¢K™| ——+—~—=——-"
@) $ [ 2 4 14Duy

(46]

+g(1_h2) Du, : ot
8 14+ Duy ) (14Nt X1+ @t — (1 - h)Duy 0twr /(2 +2Duy)

where the term -3¢ Im(dw)lm(k "} could be neglected. Upon placing a non-conducting,
uncharged particle in an electrolyte solution, the overall static conductivity will decrease. This is
reflected in the first contribution between square brackets. In general however, particles are
charged and exhibit surface conduction. This results in a positive contribution to the overall static
conductivity as expressed via the second term between square brackets. The two effects cancel if
the suspension is in its iso-conductance point, i.e., if Duy, =2/(1+ 3k). Iso-conductivity can
only be observed for —1/3 <h < 1. If —1<h <£-1/3 the static conductivity increment is negative
even for particles which exhibit an infinitely high surface conductivity. We have to note however
that the condition —1/3 < h <1 applies for commonly used suspending electrolytes. This static
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conductivity contribution is, as expected, identical to the static conductivity expression for a
binary electrolyte found by O'Brien (Ref. (4}, Eq. [6.13]).

The third term between the square brackets in Eq. [46] reflects the contribution of the relaxation
process of the electrolyte cloud beyond the double layer. The oscillations in the electrolyte
concentrations just beyond the double layer are significantly out-of-phase with the applied electric
field for frequencies around @ = 77!, The corresponding {out-of-phase) tangential gradients in
the electrolyte concentration just beyond the double layer induce tangential gradients in the
electrochemical potential inside the double tayer and, consequently, out-of-phase electric currents
in the double layer. These currents must be balanced by the currents in the buik. Hence, the
suspension conductivity is complex around @ = 77!, Since these induced concentration-driven
currents in the double layer oppose the currents driven by the electric field, the suspension
conductivity is higher for frequencies @ >> 7~ (where concentration polarization is absent) than
for frequencies @ << L

The out-of-phase currents introduced by the relaxation of the electrolyte cloud can be interpreted
as a change in the dielectric permittivity. We find to a good approximation

1

(1+~ot)(1+ o) 7

e w9 o of Dy Y

£,(9,0) =7 +&7 = 9(a)’ (1~ )[1+;2u2)

where the term 3¢&Re(du,)lm(fm) could be neglected. At frequencies m > 77! the electrolyte

cloud cannot fully develop. This gives rise to dispersion around @ = 77, The deviations in

K(¢p,m) and &,(¢,e0) from their bulk values X~ and £ are usually called conductivity and
permittivity increment, respectively.

In dielectric and conductivity studies increments due to changes in frequency are also considered.

The conductivity is usually presented relative to the conductivity at a reference frequency @,,r x

much smaller than 771

AQ)K(¢?G‘)) = K(p,0) - K(¢,wref.K)

pu, Y wr@r [48]
1+ Duy ) (1+eor)(d+wr) - (1 - k) Duy wreor /(2 + 2Duy)

e PV
= K" 9 h)(

and the permittivity increment? relative to the permittivity at a reference frequency @,,¢, much
larger than 7k

Amsr("b’ CD) £ Er(¢’ ﬂ)) - Er(¢’ mref.z)

=& —l%q)(xa)z(l -h? )(

Du, Y 1 [49]
H+ Dy | (1 +ot)(L+or)

3 The equation for the limiting increment Ame,.Lm 10 i essentially identical to the expression given by Hinch et
al. (Ref. (20), Eq. 110). Their mentioned lack of agreement with numerical calculations seems to be due to
erroneously filling in the numbers in Eq. 110, and not due to limitations of the thin double layer theory.
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Figure 1. Conductivity increments (full curves) and dielectric permittivity
increments (dashed curves) according to the analytical expressions [48], [49] and
according to numerical calculations (indicated by symbols) for a particle with
a=100nm, {=-50mV, @, =0 in KC1(Q), Ba(NQ,), (O), LaCl, (o).

In Fig. 1 we show a comparison of the approximate formulas [48] and [49], indicated by the full
and dashed curves, with the numerical solutions of the exact electrokinetic equations (2,3). The
D, values are calculated according to Eq. [37] with @, =0 and { = 50 mV for relatively thin
double layers (= 50). The agreement is good for the symmetrical electrolyte KCl and the
asymmetrical electrolyte with divalent counterions Ba(NQ;), and still reasonable for the
asymmetrical electrolyte with trivalent counterions LaClj.

The static conductivity increments and some pertinent parameters are shown in Tab. 1. The
numerical static conductivity increments (KM%, — K™)/¢K* (2,3) agree well with the
approximated increments (K, —K")/¢K°° from this study. The values of & for these
electrolytes are close to zero and consequently 1— h* is even more close to unity, as shown in
Table 1. This means that the effects of asymmetry of the electrolytes are only shown (via x and
Du) in the magnitude of the dispersion curves in the examples Ba(NO,), and LaCl;. For HCI
however, h=0.64 and the increments should have been affected significantly by the large
difference in ion mobilities. The shapes of the dispersion curves will remain virtually unaffected

as long as Du, << 1. However, for higher Du,, the term involving A in the denominator of the
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frequency conductivity increment (Eq. [48]) will be significantly affected, resulting in a change
of the shape of the curve.

Table 1. Summary of the most relevant parameters and the static conductivity increments,
calculated numerically and via expression [46].

an:<1 -K” Km«l -k~

Du, h 1-n2  7(107%) ~ersl- _
¢K oK
KCl 0.102 0019 09996  2.600 -1.380 -1.296
Ba(NO;), | 0.274 -0.058  0.9967 3.589 -1.095 -1.044
LaCl, 0.683 0.046 09979  4.008 -0.6421 -0.6284

3. EXPERIMENTAL METHODS

Monodisperse polystyrene latex was made using the procedure of Goodwin et al. (30) with
K;8,04 as the initiator. The sulphate latex was cleaned by steam-stripping and brought in the
H*-form by ion exchange (1). From dynamic light scattering a particle radius of 400 nm was
obtained. By the Single Particle Optical Sizer (31) less than 1% of the particles was found in
doublets. The polydispersity ratio &, /a@, from E.M. photographs is usually less than 1.003 for
particles made via this procedure. The particle volume fraction ¢ of latex was obtained from the
dry mass fractions, using a particle density of 1.05 g.i’cm3 {32). Conductometric titrations were
performed to determine the surface charge density (1). From these it is concluded that strong
acidic sulphate groups are covering the surface. The surface charge density is
o’ =-64 ,uC/cmz.

The dielectric and conductivity spectra were determined in the frequency range 90 Hz-500 kHz
using the four-clectrode dielectric spectrometer of Kijlstra et al. (33). The four-electrode
technique suppresses complications due to electrode polarization. The time needed for a complete
frequency scan is less than 20 seconds. The cell can be filled alternatingly with suspension and a
blank electrolyte solution as a reference. The temperature of the cell and storage bottles was
maintained at 25.00+0.05 °C by a temperature-controlled air stream. For more details
concerning the apparatus we refer to Ref. (33).

The latex stock dispersion, 10% by volume, was changed into the K*-form by titration with a
0.01 M KOH solution to the equivalence point. The dispersion was diluted with a KCI solution
to a volume fraction of ¢ =0.040 and a (bulk) electrolyte concentration of 0.4 mM. Low-
frequency dielectric measurements were performed in the electrolyte concentration range .4-6
mM. Before each experiment the ionic strength was increased to the new value by adding small
amounts of 0.01 or 0.1 M KCl solution to the dispersion. Double layers are relatively thin in this
concentration range ( 20 < xa < 102} so that interpretation according to this theory is allowed. In
6 mM, ¢ has reduced to ¢ =0.036,
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Figure 2a-h. Dielectric permittivity and conductivity increments in suspending
KClI of different ionic strengths (indicated). Experimental permittivity and
conductivity increments are given by the symbols (O) and (), respectively. Theory
is depicted by full curves.
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4. RESULTS AND DISCUSSION

Figures 2a-h show the normalized dielectric permittivity and conductivity increments for the
different ionic strengths. The measurements are indicated by symbols. From the theoretical
expressions [48] and [49] it is seen that only one adjustable parameter should suffice to explain
the experiments, i.e., the relative surface conductivity Du,. Values for Du, were obtained from
the conductivity increment data by a least-squares fit. Theoretical results are shown by the solid
lines in the figures 2a-h. Since deviations from the experimental data occurred at frequencies
above 10° Hz, these were left out of the fitting procedure. The theoretical permittivity increments
were calculated from the Du,-values and are indicated by solid lines in the same figures. The
measured permittivity increments are well explained with these Du,-values for frequencies
w/2m>500Hz. Hence, Du,-values calculated directly from the permittivity spectra
(/27 > 500 Hz) will not differ much from these. Systematically too high increments are
observed below 500 Hz.

To investigate the linear dependence on the volume fraction, we repeated the measurements in 1
mM KCl fora ¢ =0.04 and ¢ =0.02 dispersion. The differences in the normalised increments
are indicated by error bars in Fig. 2d. The linearity with ¢ is indeed observed. At low frequency
the out-of-phase currents decrease as «< @ while the in-phase currents attain the limiting dec
value. This results in a decreasing signal-to-noise ratio with frequency (e @) and relatively
larger random errors in the permittivity increments at lower frequencies. However, inspection of
the permittivity increments at frequencies @/2x < 500 Hz shows a systematic deviation from
theory, increasing with electrolyte concentration. The nature of this discrepancy is unknown.

In Fig. 3 we present Duy and K§ versus the electrolyte concentration. No significant trend in
K§ is observed. The surface conductivity is found to be constant over the complete electrolyte
concentration range. On the average, K =0.57-10°S. With this constant K¥, the
experimental Du, values are well explained as shown by the full curve. From Eq. {36], K is
restricted to 0.49-1078 S KJ <0.73-10%S (3m,/z2 =053 for K* as counterion). The
experimentaily found surface conductivity is within this range.

While with increasing electrolyte concentration Du, decreases by more than one order of
magnitude, A&, /¢ and ALK/ ¢ show a small increase followed by a small decrease. This
non-monotonic behaviour is characteristic for a surface with constant K3 . From Eq. [49] it
follows that Ag, /¢ < ¢ for small electrolyte concentration ¢ and that Ayg, /@ <c™' as ¢ — oo
(note that (xa)” ¢ and Dy o ¢™!). Hence, A £./¢ as function of ¢ should show a
maximum. This maximum occurs at the electrolyte concentration for which Du, = 1. For the
conductivity increments, the situation is slightly different. Du, appears in the denominator of the
frequency-dependent part in Eq. [48]. Hence, the value of ¢ where the maximum in A, K/¢
appears depends on the frequency. At relatively low frequencies (ot <<1), A,K/¢ attains its
maximum at that concentration where Du, =1. At relatively high frequencies (wz >>1) it
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Figure 3. Relative surface conductivity Du, (O) and absolute surface conductivity
K7 (01 as functions of the ionic strength of suspending KCI. The full curves are
based on the average surface conductivity K§ =0.57- 1078 8.

appears at the concentration ¢ where Duy = A{2/(1+ #) = 1.4. To demonstrate this, we have
plotted in Fig. 4 the asymptotic conductivity increments

2

A K (901 >> 1)/¢=K°°2(l—h2)( Duy ] 1+ Duy [50]

8 1+Duy ) 1+(1+h)Duy /2

using the experimentally obtained Dus, and Du, calculated from a constant surface conductivity
K5 =0.57- 1078 S. As shown by this graph, the experimental maximum is well explained by the
theory for particles with a nearly constant surface conductivity.
In a previous study (1) we have obtained the absolute surface conductivity from dc conductivity
experiments on close-packed plugs composed of these latex particles in a number of indifferent
electrolytes. In Fig. 5 we compare K§ obtained from these plug conductivities with those from
the LF dielectric experiments. The latter values for K5 are only 10% lower than the values
obtained independently from the plug conductivities in KCI. Hence, also from the LF dielectric
spectroscopy experiments we may conclude that counterions in the double layer have a mobility
close to the mobility in the bulk. We note that these data are complementary. LFDD experiments
could not be performed in KCI solutions bevond 6 mM due to a too high background
conductivity. However, for high electrolyte concentrations conductivities can be accurately
measured and interpreted in plug. On the other hand, the theories for the plug conductivity fail at
low electrolyte concentrations due to double layer overlap (1).
From these combined results we draw the interesting conclusion that the absclute surface

conductivity is constant (within 10%) over a relatively large concentration range 0.4-100 mM.
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Figure 4. Asymptotic conductivity increment A, K(¢, @t >>1)/¢ obtained from
experiments (O) and according to theory with K3 =0.57-107° S (full curve)
versus the ionic strength of suspending electrolyte KC1.

This result is not trivial. K5 is constant if (i) not a significant part of the countercharge does
move from behind to beyond the shear plane (or vice versa) and (ii} the average ion mobility in
the double layer remains constant upon a change in the ionic strength (see also Ref. (1)). The
explanation for these behaviours can be given by the Poisson-Boltzmann equation for a purely
diffuse double layer in the situation of relatively high potentials (|ew / k7] >>1). As shown in
Ref. (1) the {-potential in a 100 mM KCl solution is —=50 mV and higher {absolutely) for lower
¢. The potentials behind the shear plane exceed £. A consequence of the Gouy-Chapman double
layer model is the insensitivity of the distribution of counterions in the high potential regime to a
change in the bulk ion density. This means that, if the position of the shear plane is unaltered by
the concentration change, also the amount of charge beyond and behind the slip plane stays
unaltered. Furthermore, the counterions which dominate the surface conductivity are situated in
the high potential regime of the electric double layer behind the slip plane, close to the surface.
Since the ion distribution is unaltered the average ion mobility rernains constant. We note that
even if the distribution would be altered by some extend, its effect on the surface conductivity is
negligible small since the ions within the double layer have the bulk mobility and are not
significantly obstructed by the hairy surface. In the situation where ions in the double layer have
a significant lower mobility than in the bulk, a change in the counterion distribution will have
effect on the surface conductivity.

Springer et al. (34,35) and Dunstan (10) previously performed LF dielectric response
measurements on dispersions of constant-charge sulphate latex. Springer et al. observed

dielectric increments exceeding the theoretical maximum. Furthermore, their permittivity
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Figure 5. Absolute surface conductivity X5 obtained from plug conductivities in
HC1 (0), KC1 (O), NaCl (¢), LiCl (&), and obtained from the LF dielectric

response in KCI (W).

increments increased with increasing KCl concentration, Based on their particle characteristics,
a=222nm and ¢®=-1.61 uC/em?, and the assumptions u; =4 and 0<@, <w, a
maximum may be expected in the range 0.8 <¢ £1.2 mM. They measured till the concentration
1.5 mM without finding a maximum. As indicated by the trend in their data, this maximum could
have been found in higher electrolyte concentrations. These anomalies are serious and not
resolved easily within the present theory without fundamental changes.

Dunstan (10) compared the permittivity and conductivity increments of latex dispersions,
(a=300nm, o®=-12 ,uCJcmz, suspended in KC1) with the spectra calculated via the
"standard" theory using {-potentials obtained from mobility experiments by application of the
“standard” theory. The experimental increments exceed the calculated ones by far due to the
neglect of conduction behind the shear plane. By estimating Dy, (from a and o) we have
calculated increments imuch closer to the experimental values in 1| mM KCl as well as in 0.1 mM

KCL

5. CONCLUSIONS AND PERSPECTIVES

Qur analytical thin double layer expressions for the complex conductivity derived in (13,36) and
applied to bacterial cell suspensions in (15) were extended to cope with asymmetrical
electrolytes. Comparison with numerical calculations shows a good agreement, We were able to
apply the thin double layer theory successfully to experiments on home-made constant-charge
polystyrene latex dispersions. The observed permittivity and conductivity increments counid be
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explained well with one constant absclute surface conductivity K§ in the electrolyte
concenfration range 0.4-6 mM.

From the combination of LF dielectric experiments and complementary plug conductivities we
concluded that the surface conductivity K is constant (within 10%) over the large electrolyte
concentration range 0.4-100 mM. It appears that K correlates well with the surface charge
density obtained from conductometric titration data. On the other hand, the electrokinetic charge
obtained via {-potentials in (1) is much smaller than . especially at lower electrolyte
concentrations. Hence, ions behind the shear plane must have a mobility not significantly smaller
than their bulk value. For the particles under consideration it is more appropriate to compare
conductivities directly with ¢ instead of with electrokinetic charge obtained from mobilities or
streaming potentials. In some studies the conduction behind the plane of shear is designated as
"anomalous surface conduction”. In this study the £-potential turns out to be more "anomalous”

than the surface conductivity.
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Chapter 4

LOW-FREQUENCY DIELECTRIC RESPONSE, STATIC
CONDUCTIVITIES, AND STREAMING POTENTIALS OF POLYMER-
COATED LATEX DISPERSIONS AND POROUS PLUGS!

ABSTRACT. The low-frequency permittivity and conductivity increments, and the static
conductivity of well-characterised latex dispersions and plugs have been measured over a wide
range of ionic strengths. We have investigated the effects of adsorption of the neutral polymer
poly(ethylene) oxide on these electrokinetic phenomena. It is shown that the counterion mobility
in the double layer is significantly reduced by adsorbed polymer. A model is developed to
describe the retarded motion of ions in the gel-like polymer layer, which is considered as a
Brinkman fluid. The required ionic and polymer distribution functions are obtained from a self-
consistent-field model.

Furthermore, {-potentials were inferred from streaming potentials of close-packed latex plugs.
Since a significant part of the conduction is due to ions behind the shear plane, is was necessary
to make use of the plug conductivity data in obtaining the correct {-potentials, especially at low
ionic strengths. The ¢ -potentials of the polymer-coated surface are Jower than those of the bare
surface which indicates the shear plane to be shifted outwards. The reduction in counterion
mobility and the shift of the shear plane is also shown by the plug conductivity data.

! Submitted for publicaticn in Langmuir in coauthorship with Leeuwen, H. P. van, Lyklema, J.
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1. INTRODUCTION

The electrokinetic potential is one of the most commen characteristics of charged surfaces.
Electrokinetic potentials are not directly experimentally accessible but must be inferred from
experiments with the help of some electrokinetic model. A popular model is the so called
"standard electrokinetic model” which characterizes the interface by a shear plane at which the
potential is £, Tons behind this plane are considered to be immobile. Application of this model
generally shows that {-potentials inferred from conductivity experiments are systematically
larger than {-potentials from particle mobility experiments or streaming potentials of plugs
composed of these particles (1-12). The cause of this inconsistency is found in the neglect of
conduction behind the shear plane.

In our previous studies, the interface of constant-charge polystyrene sulphate latex was
thoroughly investigated (12,13) by means of conductometric titrations, low-frequency dielectric
dispersion, streaming potentials and dc conductivities measured for close-packed porous plugs
composed of these latex particles. These experiments showed that ions behind the shear plane are
highly mobile. The mobility of counterions within the stagnant layer is usually not much lower
than the mability in the bulk (14,12,13).

For these "non-ideal” surfaces at least two electrokinetic parameters are needed to characterise the
surface, i.e., the {-potential and the surface conductivity. It is likely that these characteristics are
related to the surface roughness, the surface porosity, the viscoelectric effect (9), the presence of
a Stern layer or the presence of a macromolecular, so called hairy surface [ayer. An option to
study the latter influence is by adsorption of neutral polymers onto the surface. Since the bare
sulphate latex surface was well characterised previously (12,13), we have used these latex
particles to study the effect of adsorption of the polymer poly(ethhylene) oxide (PEO) on a
variety of electrokinetic phenomena. For PEOQ adsorbed on latex, we measured the low-
frequency (LF) dielectric permittivity and conductivity of dilute dispersions. Close-packed
porous plugs were composed from the polymer-coated latex particles and the static conductivities
and streaming potentials were measured.

Outline of the paper. Before describing the electrokinetic experiments, a simple model for
retarded motion of counterions through adsorbed polymer films is presented. In this model the
local ion mobility depends on the local polymer volume fraction. Self-consistent-field models
(15-17), used for the determination of the polymer volume fraction profile and counterion
profile, are discussed. An integral expression relating the surface conductivity to these profiles is
given. In the experimental section the characteristics of the PEO and the polystyrene sulphate
latex are given followed by section 4 in which the resulls are presented and discussed.
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2. THEORY

2.1. Plug conductivity

O'Brien and Perrins (2) found that for a plug, composed of close-packed monodisperse spheres
with relatively thin double layers (ke >> 1) in a symmetrical electrolyte, the conductivity K " s
related to the relative surface conductivity parameter Du, according to:

*

II; —1+3¢[f(0)+—~"2—"2li2—(f(DuQ) f(O)]] (1]

where ¢ is the particle volume fraction, ez; is the i-type ion charge, f; is the ion friction constant
and r;" the equilibrium number density beyond the electric double layer. Values beyond the
double layer are indicated with the superscript "e=". The subscript i=1 refers to the co-ion, i=2 to
the counterion. In this theory only the surface conduction due to the excess of counterions in the
double layer is taken into account. The {negative) contribution due to the exclusion of co-ions is
considered to be negligible. X™ is the electric conductivity of the equilibrium electrolvte beyond
the double layer:

K*=YK", K~=é’zn 1f" (21

and f(Du,) is a function of Du, and the type of lattice, tabulated by O'Brien and Perrins (2).
Du, is related to the absolute surface conductivity K via:
Ky

Du, =
2 akKsy’

[3]

where « is the particle radius. For a purely diffuse double layer the surface conduclivity K5 can
be related to the excess of counterions in the double layer {or the {-potential) and the ion
mobility in the double layer straightforwardly (2). The expressions [1]-[3] stay valid for the
description of the plug conductivity in terms of the surface conductivity when the surface is more
complex, e.g., in the situation of polymer adsorption. Then the question arises how to relate
surface conduction to the characteristics of the coated surface. The most simple way to model this
is by means of a slip plane located at a certain distance from the surface. We allow the ions
behind this shear plane to be mobile with mobility u{ and assume that ions move according to
their bulk mobility beyond the shear plane. Then we can write (12,13):

K$ = #0 +(1+3my /23 ) iy of [4]
where O'f and O'f are the (surface) densities of charge behind and beyond the shear plane,
respectively, ﬁf and &~ are the jon mobilities behind and beyond the shear plane including their

sign: & =zel f;, w; = |ﬁj[. We have assumed that the ions move according to their bulk mobility
beyond the shear plane. m; is the dimensionless ionic drag coefficient: m, = 2ekTf;™ / 3ne?
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where ¢ is the liquid dielectric permittivity, & is the Boltzmann constant, T is the temperature,
and 7 the liquid viscosity. KS and Du, can also be related to the {-potential(18,2):

2 3

Du, = w[1 + 2+ 62] [exp(-zpe¢ /2Ky ~1] [5)
Ka I

where &, = ﬁf O'f / iy O'f reflects the ratio between surface conduction behind and beyond the

shear plane due to electromigration.

Equation [1] can be reduced to 2 more simple expression if Du, is small ( Dy, << 1) (12):

K" =a+3gr0px~ - L g [6]
In aplot of K* versus K™, Eq. [6] describes a straight line when the surface conductivity K5
does not change with the electrolyte concentration. The slope of the curve is determined by the
particle volume fraction and (to a lesser extent) by the type of array. The intercept is proportional
to the surface conductivity and to the total of particle surface area in the close-packed plug which
scales with a~!. This expression enables a fast analysis of plug conductivity data (14).

2.2, Streaming currents in plugs

The current density (i;) in the plug due 10 an imposed pressure gradient is known as the
streaming current. O'Brien related (z—s) to Du, and the £-potential for a close packed plug of
monodisperse spherical particles (19):

- ekT| el el 2 =
=——| =1+ 3¢f(0)| - | —=—-—1In2 [g(D -V, 7
(i) - (kT[ ¢f(0)] [H o ]g( uz)J( ) [7]
where p is the pressure and g(Du,) is a tabulated function of Dz, and the type of lattice (19).

2.3. Low-frequency dielectric spectroscopy

In a previous study (13} we have formulated practical equations for the LF dielectric increment
A€, and the LF conductivity increment A, K of spherical particles with relatively thin double
layers (xa >> 1), dispersed in a binary electrolyte:

ﬁmar(¢;m) = £r (¢1 m) - Er(¢’ mref,e)

2

S OV B N 1 [&]

=€ g ) -k )(1+Du2] (1 +~or)(1+wr)

and
AnK(¢w)= K(p.w)— K(¢’wref,!()
2
- K""2¢(1—h2)[ Dy ) wror Du 5]
8 14Dy | (1 4+ Jor )1+ 01y — (1 - by ——2— a1t
2+2Du,
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where @,.c . and @,  are reference frequencies much larger than ™! and much smaller than
77, respectively. For a symmetrical electrolyte the Duy's in these equations are simply given by
Eq. [5], the relaxation time 7 is given by 7=f"a (2kT)"! where f_°°=(f1°° + £ )/2 and
h=(z/ fy v/ AWzl fo” —d A7) =iy +8; M iy — ). For electrolytes like KCI for

which £ = £ = f~, 7= f"a*(2kT)™ and k= 0.

2.4. Ion movement through polymer gels

In the previous paragraphs we introduced conduction behind the shear plane. The question which
will keep us busy in the following two paragraphs is how to relate the average counterion
mobility to the characteristics of the polymer film. Retardation of motion of uncharged molecules
and ions through neutral polymer gels has been studied intensively (20-22). These investigations
form a good starting point for the description of retarded ionic motion through adsorbed polymer
layers. The basic distinction between polymer gels and adsorbed polymer layers is the
inhomogeneity in the polymer density. Whereas in polymer gels the polymer density is
considered constant over macroscopic distances, the polymer density in adsorbed films may vary
strongly over distances of the order of the double layer thickness. In the situation of incomplete
surface coverage, lateral inhomogeneities must be considered as well since covered areas will
alternate with uncovered ones. The latter inhomogeneities are hard to model. Therefore, we start
with the {one-dimensional) situation of high coverage were only variations in polymer density
normal to the surface are present.

Ions moving in the inner part of the diffuse double layer, where the polymer coil is more dense,
will experience a larger drag than those moving in the outer part of double layer where the
polymer volume fraction is lower. Hence, the relation between the local ion mobility and the focal
polymer density is wanted. The friction coefficient within polymer gels has been modelled in
various ways. The simplest is to consider the gel as a Brinkman fluid (23). The Stokes ionic
friction coefficient f; of an ion with Stokes-radius g; translating through a Brinkman fluid is
related to the bulk friction coefficient ™ according to (24):

-1
£ f=w = (1 a1 ey + 5 1kp) [10]

where kj is the Darcy-permeability. A number of empirical relations between the Darcy-
permeability and the polymer volume fractions $po1 have been reported. We will use a relation
derived by de Gennes (25) for entangled polymers which has only one adjustable parameter ¢ :

kp = o > [11]
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Figure 1. Relative ionic mobility #(@,,)/u(0) of a potassium ion (4 =0.13 nm)
as function of the polymer volume fractlon ®pol for values of the proportionality
constant ¢ between 10722 and 107!%

By way of illustration, we have plotted in Fig. 1 the relative ionic mobility as a function of the
polymer volume fraction for some values of ¢, calculated according to Eqgs. [10] and [11] for a
K*-ion (@; =0.13 nm). The ionic mobility decreases with $po1- We note that it might appear
erroneous that u; # 0 when ¢,, =1. However, since $po = | implies that the ion densities are
zero, the contribution to conduction will be zero likewise. For the derivation of the surface
conductivity K5 we need to know the polymer distribution as well as the counterion distribution
throughout the complete double layer. These can be obtained from a self-consistent-field lattice
model as will be shown in the next paragraph.

The surface conductivity consists of an electromigration term and an electroosmotic term. The
determination of the latter is straightforward in double layers with little detail, i.e., for the Gouy-
Chapman (part of the) double layer situated in a region where the viscosity is constant (see Eq.
{4]). In such a diffuse non-stagnant layer the minor contribution to the surface conductivity stems
from electroosmosis, ¢.g., 30 % in suspending KCl and 5% in HCL. It is expected that the
contribution to K5 is even less for a coated surface since electroosmosis is commonly more
retarded by polymers than electromigration is. In this respect we mention polymer gels which
behave as highly viscous or even stagnant whereas self-diffusion of ions is hardly impaired.
Therefore, we will only consider the polymers effect on the electromigrative term of the surface
conductivity and neglect electroosmosis. We however note that, if « and, hence, &, are known,
it is possible to calculate the liguid flow profile inside the film. From this, the electroosmotic
contribution to K§ as well as, e.g., the electrophoretic mobility of this coated particle can be
found (see Donath and Voigt (26,27)).
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Following Fixman (28,29), the surface conductivity is an excess quantity:

K = zg¢ [ (0 iy — 355" )dr [12]
al
where we have neglected electroosmosis. The subscript "eq” refers to equilibrium values (in
absence of the electric field). The integration is performed over the double layer (df). This
expression can be approximated by:
Kg = JPZ,eq ﬁﬁdr [13]
dl
if the potentials in the double layers are not too low. Hence, the surface conductivity can be
calculated according to this equation from the polymer and counterion distribution functions.

2.5. Self-consistent-field lattice modelling of homopolymers near a charged
interface
Polymers at interfaces have been studied in great detail by Scheutjens and coworkers using a
lattice-based numerical self-consistent-field technique (15-17). In cases where the polymer
density profile is weakly varying in space it is possible to map the discrete equations onto a
diffusion equation put forward by Edwards (30). Typically, a flat homogeneous surface is
considered and density fluctuations parallel to the surface are ignored. In essence, one uses the
analogy between the movement of a diffusing particle in the presence of the field, and the
trajectory of a polymer chain in the field. Of interest are so-called chain-end distribution functions
Gi{(z,s11) which represent the combined statistical weight of all possible and allowed
configurations for a chain fragment (of molecule #) of s—1 bonds with the end segment 5 at
coordinate z and segment 1 being unrestricted in an external (dimensionless) potential field
U;(2). The chain-end distribution functions are Green's functions that satisfy Edwards diffusion
equation

dGi{z,511)

Bl (120,06 astd 1o

or feature the corresponding recurrence relation given by Scheutjens and coworkers where z is a

discrete variable indicating the dimensionless distance from the wall:

Gizs1)=e DL Gz-Ls- 11D +£G(zs— 11D+ L Gz +1s~111)) [15]

A chain fragment of zero segments does not feel the potential field and therefore the natural
condition G;(z,011)=0 applies. For chains with a degree of polymerisation N; the
corresponding complementary chain-end distribution functions G;(z, 51 N;) for chain fragments
with N; —s bonds is found by a similar diffusion equation. The experimentally observable
segment density profile for a segment s is found by the composition law:
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Gi(z,511)G;(z, 51 N)
Gj(Z)

9,z.5)=C (16]
where C; is a normalization constant, which either conserves the number of segments in the
system {canonical ensemble} or forces the density to become the bulk density if the potentials are
zero {grand canonical ensemble). Obviously, the full density profile is found by summation over
all the segments in the chain ¢, = 0,(z)= Z:’:lqbi(z, ). For monomeric components (e.g.
component m) Eq. [16} reduces to a Boltzmann equation:

0,.(2) = C,,G, (2,111} = C,e Un'® 171

In our system there is a wall with fixed charges in contact with a solution containing ions and
neutral homopolymer. As the thickness of the polymer film is small as compared to the particle
radius the surface may be considered as flat. We choose to treat both the chain statistics and the
electrostatics on the same footing within the discrete version of the SCF theory (i.e. in the
Scheutjens-Fleer lattice version). In this approach all segments, solvent molecules, and ions can
only be positioned on specified z-coordinates. This allows one to account for the finite size of the
ions and facilitates the calculation of the electrostatic potential (31} (which needs to be done
numerically anyway). The dimensionless potential felt at distance z from the surface by a
segment of type x (e.g. a polymer segment, a solvent molecule, an ion), U, (2) is given by:

U, (z)= U’(z)+%@m 25551, 7) [18]

where §(1,z)=1 if z=1 and O otherwise. The first term on the right-hand side is a Lagrange
field coupled to the packing constraint qubx(z) =1, which implies the assumption of
incompressibility {¢,(z) is the fraction of layer z filled with segments of type x). The
electrostatic term in the segment potential ( ez, is the charge of units of type x, y(z) the local
electrostatic potential and k7 the thermal energy) is of course only operational for segments with
non-zero charge. The last contribution to the right-hand-side of Eq. [ 18] accounts for the short-
range specific adsorption energy of a segment of type x (only present in our case for the polymer
units). U;{z)in Egs. [14] and [15] is related to U, {z) according to U;(z,s) = szx(z)S,-’_‘s where
87, =1 if segment s of molecule i is of type x, and O otherwise.

The equations [15]-[18] are solved numerically (32) with the condition that the polymer chains,
the solvent molecules and the ions can only sample the half-space z>0. At z=0 an
impenetrable {charged) wall is positioned. The electrostatic potential {and also the U/,(z)) is taken
zero for z=co,
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3. EXPERIMENTAL METHODS

3.1. Latex characteristies

Monodisperse polystyrene sulphate latex was made according to the procedure of Goodwin et al.
(33} with K;8,0; as the initiator. The preparation, cleaning and characterisation have been
described previously (12). The latex is kept in the H*-form. The particle radius is 400 nm. The
surface charge density 00, obtained from conductometric titration, is —6.4 ,uC/cmZ.

3.2. Low-frequency dielectric dispersion

Low-frequency permittivity and conductivity spectra were measured in the frequency range 90
Hz-500 kHz using the four-electrode spectrometer of Kijlstra et al. (34). A complete frequency
sweep is performed in less than 20 s. The cell can be filled alternatingly with suspension and
blank electrolyte solution as reference. The temperature of the cell is maintained at
25.00+0.05°C.

Latex stock dispersion, 10% by volume, was changed into the K*-form by titration with a 0.01
M KOH solution to the equivalence point. The dispersion was diluted by more than a factor of 2
with a PEO-solution ( Mpgo =2.3-10% g/mol, M, /M, =1.08, Polymer laboratories LTD,
U.K.). The total amount of PEO added per unit particle surface area present in the dispersion is
1 mgi’m2 which is well above the reported adsorption-plateau value of approximately 0.5 m,g/m2
{determined by Pelssers in Ref. {35) with IP_IPEO =2.10% g/mol, a=348nm and
o =-47 ,uC/cml , which are close to our characteristics). Hence, half of the added PEO covers
the particle surface fully, the other half is dissolved in the continuous phase. The ionic strength
was adjusted 10 0.4 mM KCl with a 0.01 M KCl solution. After these treatments the volume
fraction latex has reduced to approximately 0.040. The suspension was stored overnight under
continuous shaking. Dielectric experiments were performed as a function of the ionic strength in
the span 0.4-6 mM KCIL. Double layers are relatively thin in this range (26 < xa £102). Hence,
interpretation according to the thin double layer theory is possible. Between the measurements
the electrolyte concentration was increased to the new concentration by adding small amounts of
0.01 or 0.1 M KC!. Eventually, in 6 mM KCl, the particle volume fraction has reduced to
0.036.

Dielectric dispersion experiments were also performed in 1 mM KCl as a function of the amount
of PEO added. For these, again an amount of the latex stock suspension was changed into the
K*-form and diluted with a KCl solution to a particle volume fraction of ¢ =0.040 and bulk
electrolyte concentration of 1 mM KCI. PEO was dissolved in 1 mM KCl to obtain a 2.86 g/l
PEOQ solution. Small amounts of this solution were added slowly to the dispersion under stirring
prior to every dielectric experiment. The spectra were measured approximately 2 minutes after
PEO additicn. The added amount of PEO was varied between 0 and 2 mg/‘m2 {equivalent). After
the last PEQ addition, ¢ has reduced to 0.031.
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Figure 2a-h. Permittivity and conductivity increments of PEO-coated latex
suspended in KC1 of various ionic strengths (indicated). Experimental permittivity
and conductivity increments are given by the symbols (O) and (©), respectively.
Theory is depicted by full curves.
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3.3. Plug conductivity and streaming potentials

A PEO solution was added to an amount of the latex stock solution (1 mg/m2 equivalent). The
suspension was stored overnight under continuous shaking. A latex plug was made from this
dispersion by centrifugation as described previously (12). The plug conductivity is measured
with a commercial conductivity meter (Knick Konductometer 702). The streaming potential is
determined with a home-made setup (36,12) in the concentration range 0.1-100 mM for four
different counterions, i.e., in HCl, KCl, NaCl, and LiCL

4, RESULTS AND DISCUSSION

Figures 2a-h show the normalized permittivity and conductivity increments of the PEO-coated
suspension as a function of the KCI bulk ionic strength. Symbols indicate the experimental
values. The spectra were interpreted according to the procedure described in a previous study
(13). Values for Du, were obtained from the conductivity increment data via a least-squares fit.
The theoretical results are depicted as solid lines. Since significant deviations also occurred for
the coated particles above 10° Hz, these where not taken into account in the fitting procedure.
Theoretical permittivity increments were calculated from Du,-values and shown by the solid

lines. Experimental permittivity increments are explained well with these Du,'s for frequencies

6 0.8
o bare lat
061 000 . are latex
47 [=] o Q
m@
(] i
& 3 S 04
® o o o latex + PEO
2+ M o a) o o
bare latex 0.2
l_
latex
G +P.EIO T T T T T 0 T T T T T T
0 1 2 3 4 5 6 7 0 1 2 3 4 5 [ 7
cmM c mM

Figure 3. Relative surface conductivity
Du;, as a function of the ionic strength of
suspending KCI for bare latex {O) and
PEC-coated latex (O0). The full curves are
based on K§=057-10°S and
K$=028-10"S for bare and coated
latex, respectively.
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Figure 4. Absolute surface conductivity
KY as a function of the ionic strength of
suspending KCl for bare latex (O) and
PEQ-coated latex (). The full curves are
the average values: K§ =0.57-107%8
and KJ =0.28-10S for bare and
coated latex, respectively.
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Figure 5. Asymptotic conductivity increment A ,K(¢, @7 >>1)/¢ obtalned from
expcrlmcnts (O) and according to theory w1th K7 =0.57- 10°%S and
K§ =0.28- 1078 S (full curves) versus the ionic strength of the suspending
electrolyte KCI.

above =500 Hz.

In Fig. 3 we present Du, against the bulk electrolyte concentration ¢. Bare-latex Du,-values are
included for comparison. The relative surface conductivity is reduced by the PEO-film. In Fig. 4
the absolute surface conductivity XY versus c is presented. As well as for the bare surface, X5
is insensitive to the ionic strength. The origin for this, at first sight unexpected qualitative feature,
can be found in the high potentials in the double layer and will be discussed later. The (average)
surface conductivity of the coated surface is X3 =0.28- 107% S which is approximately half the
value of the bare surface for which K =0.57-10°% s,

In Fig. 5 we have ploited the asymptotic conductivity increments

1+ Dy,
1+t +h)Duy /2

2
ALK (¢, 0t >>1)/¢=K°"§(1—h2)( Dy J (19]

1+ Dy,
using the experimentally obtained Du,'s, and the Du,-values calculated from the constant
surface conductivity K =0.28- 1078 S. Since the polymer fim reduces the surface conductivity
by a factor of two, the position of the maximum (13), located at ¢ for which Du, = 1.4, shifts
towards a concentration half of its original value and cannot be detected within the experimental
error. The observed monotonous decrease is well described by theory for particles with a
constant surface conductivity K$ =0.28-10 % §. Bare-latex data (13) are also included.
In Fig. 6 the normalized permittivity and conductivity increments in 1 mM KCI solution as a
function of the amount of added PEQO per unit particle surface area are presented. A reduction in
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107 10° 10t 10°

Figure 6. Permittivity (a} and conductivity increments (b) of latex dispersions in 1 mM
KClI for various amounts of added PEO (indicated). Experimental increments are given by
the symbols. Theory is depicted by full curves.

magnitude of the increments due to addition of PEO is observed. For clarity, not all measured
spectra are included. From the conductivity spectra we obtained Du, by the method described

before.
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Figure 7. Du, and K versus the Figure 8. Surface conductivity K3 (8)
added amount PEQ for a latex dispersion relative to the value for the bare surface as
in 1 mM KCI. a function of B for three electrolyte

concentrations {indicated).
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In Fig. 7, Du, and K7 are presented as a function of the amount of added PEO. A strong
reduction of nearly 10% in KJ is shown after the initial addition of just 0.012 mgf'm2 PEO.
However, inspection of the spectra for 0 and 0.012 mg/m? added PEO shows that this reduction
is due to the disappearance of the shoulder at higher frequencies. Till 20 kHz the spectra are
nearly identical. Only above 20 kHz the spectra diverge strongly. Since the fits cover the
frequency range titl 50 kHz, the shoulder has some effect on the outcome for X3 . The cause of
the shoulder is unknown, but the initial reduction in Kg does not seem to be real. After this
probable artefact there is a regime where KS decreases linearly with the added amount of PEO.
After addition of 0.5 mg/m2 PEO we enter a second regime where K5 is rather insensitive to
further PEO-addition and K§ only slightly decreases. Nearly all PEOQ added in excess of
0.5 mg/m2 remains in the bulk solution and therefore has little effect on the surface conductivity.
This is in line with the adsorption-plateau value found by Pelssers (35). The surface conductivity
read from Fig. 7 at 1 mg/m? PEO should come to K =0.28-107% § as found in Fig. 4, but is a
bit smaller. This little but significant difference might be caused by some slow steps in the
adsorption of polymer. The latter experiments were performed on a dispersion with PEO which
was shaken for more than 12 hours in contrast to the former experiments which were perforimed
only minutes after PEQ-addition.

The reduction in X§ due to PEO adsorption can be explained by two mechanisms: (i} surface
charge is expelled from the surface by the PEO polymer or {ii) counterion movement is hindered
by PEO. Mechanism (i) is unlikely for this surface, since the charge is covalently bound to the
polystyrene core, Retarded motion in uncharged gels has been observed in other studies and is
the most likely. We have adopted a simple model based on a Brinkman fluid for the hairy surface
fayer.

The numerical self-consistent-field lattice theory is applied to a well-characterised systemn of
polyethylene oxide (PEQ) on polystyrene (PS} particles with a fixed surface charge density. The
system is significantly idealised. (i) We have assumed that water is a very good solvent for PEO
(the PEQO-water y parameter is set (o zero). (ii) It is also assumed that the ions are ideal: all
short-range excess interactions of the ions with the water, polymer, and surface are set to zero.
(iii) The adsorption energy for the polymer was set to 1 kT per polymer-surface contact
( x&ds =1). This value is well above the critical adsorption energy (17) for the polymer-solvent
system. Therefore we ensure that the polymers have a high alfinity adsorption isotherm which is
only very little influenced by the presence of the ions that compete for the surface sites. (iv) The
surface charge was fixed to a value of 0.04 charges per lattice site. From the characteristic length
of a lattice site of 0.3 nm, this value corresponds to a surface charge density of -7 uClem?
which is close to the real surface charge density. (v) The number of repeating units in the PEO
chain was set to N =1000. (vi) The permittivity in each layer is found by a density average of

the segment relative dielectric constants. We use €, yuer = £rions =80, £,50 =5 and
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€, surface = 2. {vii) As the film thickness is srmall as compared to the particle radius the surface
may be treated as flat. Calculations were performed in a broad range of ionic strengths, i.e.,
107*, 107%, and 1072 M KCL. The surface conductivity is calculated according to Eq. [13] from
the polymer and counterion distribution functions.

In Fig. 8 we have plotted the surface conductivity K3 (8) relative to the value for the bare surface
as a function of 6. Here, 8 represents the amount of polymer segments in the system (total of
100 layers) relative to the number of lattice adsorption positions on the surface. The
proportionality constant ¢ was set to 1072 m? in order to give a reduction of approximately
50% in the surface conductivity for a fully covered surface (@>>1) as was observed
experimentally. Now, let us compare the results of these calculations with the experimentally
observed reduction in the surface conductivity. These well-adsorbing polymers adsorb relatively
flat until the first lattice layer is practically filled (8 =1) resulting in a decreasing surface
conductivity till 8 = 1. Polymers added after 8 =1 mainly remain in the bulk and, hence, have
little effect on the surface conductivity. The two regimes observed in Fig. 7 are shown by theory,
however not as distinct. The transformation is rather gradually. We however note that the theory
is less applicable in the dilute regime 6 <! since the polymer density as well as the surface
conductivity will then be heterogeneous (will fluctuate along the surface). The surface
conduclivity of polymer-covered surface is lower than that of the surrounding bare surface.
Rigorously derivation of the electrokinetic equations to describe ionic transport along these
inhomogeneous surfaces is cumbersome. Still, we can get some quantitative insight into this
problem by an order analysis. Let us assume that the polymers adsorb rather dispersed (so not
fully cover a part of the particle surface). The typical dimension of an adsorbed polymer molecule
will be somewhat larger than in the bulk, but still of the same order of magnitude, say the radius
of gyration. This dimension is typically much smaller than the particle radius &, but usually of the
order of the double layer thickness. Due to a locally smaller conductivity, the field lines
corresponding to the electrochemical potential will, to some extent, bend around the polymer.
The lower the conductivity is in such a polymer patch, the stronger the field lines will try to avoid
it. These perturbations in the field will not be noticeable anymore at a distance from the particle
surface of a few times the typical dimension of the polymer molecule, which is still much smaller
than a. Hence, in the used thin double layer theories only the boundary conditions for the far
fields evaluated at the particle surface are affected (see also Ref. (13)). This means that the thin
double layer theory {Eqgs. [1], [6]-[9]) is also applicable to such inhomogeneous surfaces. The
K3 appearing in these equations is of course not related to surface characteristics according to
Eqgs. [4] and [5] but must be a (weighted) average of the surface conductivities of bare and
covered surface. To obtain this relation it is sufficient to solve the electrokinetic equations for a
flat inhomogeneous surface where a gradient in the electrochemical potential is applied
sufficiently far from the surface (much further than the typical (largest) dimension of an adsorbed
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Figure 9. Conductivity of the coated plug as a function of the conductivity of the
bulk for the electrolytes HC1 (©), KCI @}, NaCl (¢) and LiCl (&). The straight
lines are fits based on the data corresponding to the four highest electrolyte
concentrations. Drata for bare latex plugs in HCI (@) and KCI (W) are included.

polymer). This complex problem probably must be solved numerically, which is beyond the
scope of this study. Local perturbations in the fields generated by the polymer patches do not
overlap as long as the polymers are much further apart than their typical dimension. In this
regime the decrease in X5 must be linear with the added (= adsorbed) amount of PEO. For the
conductivity of a suspension as a function of the particle volume fraction similar arguments hold,
i.e., changes are linear in the volume fraction as long as the distance between particles is typically
much larger than the particle radius. However, linearities up to ¢ =(.35 have been observed
(11). This indicates that in practice these rules probably do not have to be interpreted that strictly
and could explain the initial long linear dependence and the sudden transition in Fig. 7. Of
course, only thorough calculations can supply support for this idea.

Also a more practical argumnent able to explain the linear behaviour is thinkable. Since relatively
small velumes of concentrated PEO-soluton are added to a large volume of dispersion, the
particles close to the location where PEQ is added will be covered completely. Intensive stirring
and slow addition may oppress this effects slightly, but in the most extreme situation imaginable,
part of the dispersion is fully covered and part of the dispersion consists of bare latex. We note
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that the adsorption of this polymer is virtually irreversible so that this sitwation remains for longer
times. Hence, the determined surface conductivity will decrease linearly upon addition of PEO to
the value for which all particles are covered completely, and remains constant hereafter. This can
explain the experiments.

A feature found experimentally as well as theoretically is the insensitivity of the surface
conductivity to changes in the ionic strength. A property of the Poisson-Boltzmann equation for a
diffuse double layer is the insensitivity of the distribution of countercharge in the high potential
regime of the double layer to changes in the bulk electrolyte concentration (12,13). Since the
distribution of the uncharged polymer is also insensitive to the ionic strength, the surface
conductivity will be so likewise (see Eq. [13]).

In Fig. 9 the plug conductivity, calculated from the plug conductance and the geometrical cell
constant (12), is presented as a function of the conductivity of the bulk electrolyte for the four
different counterionic species. To show the influence of adsorbed PEO, the experiments in HCI
and KCI for bare latex {12) are included. For higher electrolyte concentrations, a linear
dependence is found. The straight lines are fits through the four points corresponding with the
highest ionic strengths. The data points for 100 mM HC! are not included but are situated
perfectly on the straight lines. The slopes of the four lines for the coated plug are nearly identical
and only slightly lower than those for the other bare plug which means that the particle volume
fractions in the two plugs are nearly identical.
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In Fig. 10 we have depicted the absolute surface conductivity K5 (¢ =3 mM), calculated from
the intercepts and Eq. [6], as a function of the limiting (¢ 4 0) bulk counterion mobility y
(from Ref. (37)). Results for bare latex (12} are included. For KCI, the surface conductivity is
lowered by 55% due to the polymer coating. This reduction is comparable with the one found
from low-frequency dielectric spectroscopy in KCl. Also for PEO-covered latex, K3 is linearly
related to &3 . Two main distinctions between the curves are shown. (i) The slope of curve for
PEO-coated latex is smaller. From this slope the average counterion mobility inside the double
layer is determined: I, /a5 = 0.66 which is lower than i, /1 = 0.98 for bare latex (12,13). (ii)
The PEO-curve has a zero intercept which suggests that no significant electroosmotic
contribution to the surface conductivity is present due to the polymer film.

The streaming currents per unit of applied pressure gradient for the coated plug in the four
electrolytes are given in Fig. 11. For comparison purposes, the data for bare latex in HCI are
included. Differences between the four curves for coated particles are larger than those for the
bare particles {12). These can be caused by some specific ion interaction with PEO or adaptation
of the polymer layer throughout the experiments which took nearly one month. Still these
differences are relatively small compared to the absolute values which means that the ions behave
as virtually indifferent. The shear plane is shifted outwards by the PEO coating as follows from

the reduction in the streaming current compared to bare lalex. A maximum in the curves caused
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by double layer polarization is also present for the coated plugs. It is situated near 1 mM which is
a little lower than the 3 mM for bare particles.

In Fig. 12 we have shown the {-potentials as a function of the ionic strength for bare and coated
latex, calculated from streaming currents according to Smoluchowski's theory (£, and from
the combination of streaming potentials and plug conductivities according to the modified
O'Brien theory (™). The latter method rigorously accounts for double layer polarization and
for conduction behind the plane of shear. For the compiete computational procedure we refer to
our previous article (12). Since no numerical values for f(Du,) and g{Du,) are available for
Duy >5, & comb -auld not be calculated for ¢ <1 mM. Also for the coated latex the unrealistic
maximum in ¢-potential disappears if surface conduction behind the slip plane is taken into
account , The (nearly linear) trend in the ~potential versus log(c) in the range 100-10 mM HCI,
where double layer polarization is still essentially absent ( Duy << 1}, is continued till 1 mM if
double layer polarization is taken into account. This is a good indication that the procedure yields
a reliable outcome since £ -potentials, of course, may not depend on whether or not double layer
polarization occurs.

As a last result we have obtained &, from the combination of the streaming currents and the
conductivity measurement. From £*°™ and Dw,, ©, is calculated and the result is depicted in
Fig. 13. The ©,-values for coated latex are larger than those for bare surfaces which is expected.
The sudden increase for coated surfaces can be caused by charge exchange from beyond to
behind the slip plane. Since {-potentials are low for the coated surface in high electrolyte
concentrations, the insensitivity of the counterion distribution beyond the slip plane to changes of

the bulk electrolyte concentration does not hold any longer.

5. CONCLUSIONS AND PERSPECTIVES

We were able to successfully analyze dielectric relaxation spectra of polymer-coated latex
dispersions. The surface conductivity of a completely coated surface is approximately half the
value of a bare surface and independent of the ionic strength in the range 0.4-6 mM KCl. We
were able to follow polymer adsorption from the change of the surface conductivity with the
amount of polymer added. As long as the adsorption plateau has not been reached, the surface
conductivity reduces linearly with the added amount PEO. Extra addition after 0.5 mg/m?, the
plateau value, has nearly no effect on the surface conductivity since polymers accurnulate in the
buik solution. We successfully developed a simple model for the description of retardation of
ions in the polymer layer by considering it as an inhomogencous Brinkman fluid. The ion and
polymer distributions necessary in this model were obtained from self-consistent-field
calculations. At least semi-quantitatively this model confirms the experimental features.

From plug conductivity measurements a reduction to 45% of the bare surface conductivity value
was found for KCl as electrolyte. This value is comparable to the reduction seen by dielectric
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spectroscopy in KCI. The counterion moebility in the double layer of bare particles is close to the
bulk mobility (#, /u; = 0.98) (12,13). The average counterion mobility in the double layer due
to the polymer film has reduced to %, /u; =0.66. Furthermore, no electroosmeotic contribution
to the surface conduction is shown by coated particles.

The {-potentials obtained from streaming potentials are lower for the coated surface than for the
bare one. Due to conduction behind the shear plane, it was necessary to use plug conductivity
data in the calculation of {. Only then the maximum in the plot of the {-potential against the
electrolyte concentration disappears, and reatistic values are obtained in low electrolyte
concentrations.

It is perhaps interesting to compare the outcome of this investigation with the results of our
previous electrokinetic studies on bacterial cells (11,10). For these cells, a major part of the
countercharge is situated in the polyelectrolyte-gel-like walls enclosing these cells. From static
conductivity and titration experiments we obtained the mobility of the counterions in the cell
walls of four different bacterial species. Values were found within the interval 0.2 < u5 /u5 < 0.8
which is comparable to the values around 0.5 which were found for the fully covered polymer-
coated latex particles. This suggest that, quite generally, indifferent ions moving within a
polymer layer or polyelectrolyte layer have mobilities (significantly) lower than their bulk values,
albeit of the same order of magnitude. Results like those presented here could also help to further
the understanding of partially drainable coils.
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Chapter 5

STREAMING POTENTIALS AND CONDUCTIVITIES OF
PoRrROUS SILICA PLUGS!

ABSTRACT., Streaming potentials and conductivities of close-packed plugs of spherical Stber-
silica particles were measured. Stober silica is highly porous; more than 98% of the
countercharge may be situated inside the particle. Only the countercharge in the double layer
region outside the porous particle contributes to the plug conductivity and the streaming potential.
The countercharge obtained from plug conductivities is less than the double layer charge obtained
from titrations. The countercharge obtained from streaming potentials is less than obtained from
plug conductivities, which indicates the occurrence of conduction behind the shear plane. It is
essential to take this conduction into proper account in order to arrive at more realistic {-
potentials.

L Submitted for publication in Colloids Surfaces A in coauthorship with Linde, A. I. van der, Leeuwen, H. P.
van, Lyklema, J.
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1. INTRODUCTION

Silica sols are one of the most topical systems for studies of stability and electrokinetics. Many
authors have contributed to our knowledge of these systems, not in the least H. Sonntag and his
co-workers (1,2). In the electrokinetic characterization of the solid-liquid interface, {-potentials
play an important role. Electrokinetic potentials cannot be measured directly but must be inferred
from experiments with the help of a model. However, application of the "standard electrokinetic
model” shows that {-potentials inferred from different electrokinetic experiments rarely give
unique §-potentials. The £-potentials obtained from conductivity experiments are generally
much larger than those obtained from particle mobilities or streaming potentials in plugs (3-14).
The cause for this inconsistency is believed to be due to the neglect of conduction behind the
shear plane in this model. Dukhin and co-workers (15,16) were the first to incorporate the effect
of conduction behind the shear plane into the standard theory. More recently, similar adaptations
were made in a number of investigations (9,10,14,17). By doing so, the inconsistencies between
the {-potentials obtained via different methods could be removed. In a previous study we
determined & -potentials of constant-charge polystyrene sulphate latices from plug conductivities
and streaming potentials (14). By taking conduction behind the shear plane into account, realistic
{-potentials were obtained. In this paper, plugs composed of monodisperse spherical Stéber
silica are the subject of study. In contrast to the latex, the charge of this system is controlled by
the pH and the ionic strength which allows for the investigation of electrokinetic properties as a
function of the surface charge density. Furthermore, Stiber silica is porous. The interior of the
particle contains an enormous amount of charge. We are interested in the question whether or not
this charge is electrokinetically mobile and contributes to the plug conductivity.

2. THEORY

2.1. Plug conductivity

O'Brien and Perrins (4) derived that for a plug, composed of close-packed monodisperse non-
conducting spheres with relatively thin double layers (xz >> 1), in a symmetrical electrolyte, the
conductivity K~ is related to the relative surface conductivity Du, according to:

* 2.2 oo aa
kK:—1+3¢[f(0)+ezzl(+m(f(1)uz)—f(O))} 1]

where ¢ is the particle volume fraction, ez; is the i-type ion charge, £ is the ion friction
coefficient beyond the double layer and s;” the equilibrium ion density beyond the double layer.
The subscript i=1 refers to the co-ion, i=2 to the counterion, K™ is the electric conductivity of
the bulk electrolyte
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K= =e2n 1 £ [2]

and f(Duy) is a tabulated function of Du,, the particle volume fraction, and the type of packing
of the particles. Du, is related to the absolute surface conductivity K5 via:

[
Du, = sz [3]
GKZ
where a is the particle radius. Du, can be related to the { -potential (4,14):
Duy == (1 + 3 +@2][cxp(— 226l f26T) - 1] [4]
Ka Zz

where m; is the non-dimensional ionic drag coefficient; m; = 2ek};™ / 3ne?, ¢ the diclectric
permittivity of the liquid, & the Boltzmann constant, T the temperature, 7 the liquid viscosity,
and &, = &fa,‘ / i i reflects the relative amount of conduction behind the shear plane. O'f and
af are the (surface) charge densities behind and beyond the shear plane, respectively, ﬁf and
i are the ion mobilities behind and beyond the shear plane, respectively, including their sign:
i =zel f; and w; = |-

Eguation [1] can be reduced to a more simple expression (14) if Dy, is small (Duy <1/2):

_64(0) o
a 2

K" =(1+3¢f0NK™ (5]

In aplot of K* versus K™, Eq. [5] describes a straight line if the surface conductivity KS does
not change with the electrolyte concentration. The slope of the curve is determined by the particle
volume fraction and the type of array. The intercept is proportional to the surface conductivity
and the amount of surface in the close-packed plug which is proportional to a’t

2.2, Streaming currents in plugs

The current density {j ( ) due to an imposed pressure gradient is known as the sireaming current.
O'Brien related ( ) to Du, and the £ -potential for a close-packed plug of monodisperse non-
conducting spherical particles (18):

- ekT| e 2 7
(i} =~ e [§[1+3¢f(0)] I:—C—z[n2:|g(Du2]](—Vp> [6]

where p is the pressure and g(Du,) is a tabulated function of Du, also depending on the volume
fraction and type of packing of the particles.

The above theories were developed for non-conducting particles. As long as conduction within

the particles does occur, but remains restricted to an outer layer that ts thin compared to a, these
theories remain applicable. This additional conduction may then be interpreted as surface
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Figure 1. Charge of Stéber silica as a function of pH in 100, 10, and 1 mM
KNO;. The curve for 0.1 mM KNO; is determined via extrapolation. H an L refer
1o high and low-charged samples studied in this paper.

conduction and leads to adaptations in Du,. However, if the bulk of the particles is conducting,
the theories need to be revisited drastically. We will start with the interpretation of the
experiments according to the above theories for non-conducting particles. It will turn out that this

is justified since the particles appear to be virtually non-conducting.
3. EXPERIMENTAL SECTION

3.1. Characteristics of Stiber silica

De Keizer and co-workers (19} prepared monodisperse spherical silica particles by the method of
Stober (20). A full description of the preparation and characterization of this silica can be found
in their paper. We summarize the most pertinent characteristics. The particle radius, found by
dynamic light scattering, is 310 nm. Potentiometric acid-base titrations were performed in an
automatic titration unit ac 20°C. In Fig. 1 the titration charge is depicted as a function of pH in the
presence of KINO; as the electrolyte in the concentration range 100, 10, and 1 mM. The fact that
the titration charge is high can be ascribed to the high porosity of this silica.

Values for the density pg;o, for most 5i0,-minerals were reported to be around 2.2 10° kg/m3
but can be as high as 2.6- 10° kg/m3 for quartz (21). We have determined the average density of
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a particle from a sedimentation experiment. To this end, some drops of the silica dispersion were
added to a measuring cyiinder filled with water, and stored at 25.0 "C. The scattering of light
enables one to follow the moving boundary which appears between the clear supernatant and the
dilute dispersion upon particle sedimentation. By equating the velocity of this boundary to the
particle velocity, the interpretation according to the Stokes equation for particle friction yields
pp=178 10° kg/m3. This value is much lower than any of the reported values for 8i0,;. A
large part of the particle velume probably consists of pores filled with electrolyte solution. The
volume fraction of SiO, within a particle, defined as the fraction of volume inside the particle
which is taken by the silica, is calculated from p, = @,psi0, +{1-¢,)p, to be ¢, =0.65
(Psio, =2.2: 10° kg/m3, Py, 18 the density of water). From sedimentation experiments De
Keizer and co-workers found a slightly lower particle density (5, =1.66- 10* kg/m™), which can
be caused by the relatively high volume fraction of particles in their experiment.

In the present paper another volume fraction plays an important role, viz. the volume fraction ¢
in the plug which is occupied by the particles. The real volume fraction of solid §iQ; in the
complete plug is simply given by the product ¢ ¢,.

3.2. Plug preparation

Two porous plugs with different particle charges were made. The low-charge plug (plug L) was
made by bringing an intensively washed silica stock suspension, with ¢ = 0.20, to a bulk ionic
strength of 1 mM KCl. In the determination of the amount of KCl solution necessary to obtain
this ionic strength we accounted for the porosity of the particles (the water volume fraction was
assumed to be (1—¢ ¢)). Then, the pH of the dispersion was brought to 8.0 by adding 0.1 M
KOH. Titrations were performed in KNO;. We will assume that these titration results are also
valid for KCI as the electrolyte. This is a reasonable assumption since NO;~ and Cl™ are
indifferent (especially as co-ionic species) and the counterionic species K* is identical for the
two electrolytes. The charge —18 C/gram is read from the titration curve at pH 8.0 in 1 mM
KNG;. Close-packed plugs were obtained by centrifugation of the suspension (7- 10° x g m/s?
for 30 min.). The particles were directly centrifuged into the plug holder (cylinder with length
1.5 em, diameter 1.0 cm). The plug is placed between two platinum-blacked circular electrodes
with small holes to allow for liquid transport. Two membranes (Millipore, 650 nm) were needed
between the electrodes and plug to prevent the plug from disintegration upon application of
pressure. A high-charge plug (plug H) with —49 C/gram was created by bringing the suspension
to an ionic strength of 0.1 M KCl, followed by adjustment of the pH to 8.0. The remaining
procedure for making plug H is identical to that described for plug L.

By measuring the mass of the wet plug, ¢ is accessible via ¢ = (p — p,, )/(p, — p,,) Where p is
the macroscopic density of the plug (total mass of the wet plug divided by its volume). This
value was determined for plug L after completing all the conductivity and streaming potential
experiments: ¢ =0.65%0.02 where the error is estimated via the mass of a drop of water
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Figure 4. (-potentials calculated for plug L according to different theories: (O)
gsmol - (a) CQZ:O, and (@) (™ as a function of the bulk electrolyte
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move from the pores to the outer double layer resulting int a higher surface conductivity, This can
explain the behaviour at low ionic strength.

The slope of the curves is given by 1+ 3¢f(0). Since the two slopes are identical, the volume
fractions of the plugs must also be the same. Using the approximation f(0)=—-0.4 (see Refs.
(23,4,14}), the volume fraction is readily obtained. However, f{0) still is a weak function of ¢.
Therefore, ¢ was determined more accurately according to an iteration procedure (14} from the
conductivity data for the four highest ionic strength values as $°" = 0.652 £ 0.001. The error
accounts for the differences between the two plugs. True errors will be larger as can be seen
from Fig. 2; obtaining the slope from the three or two points at the highest ionic strengths yields

higher slopes and lower volume fractions. The value of ¢“"

is very close to 9" oblained
independently above. For latex plugs (14), we have found ¢ =0.633 + 0.008 which does not
differ significantly from the silica values. It is interesting to note that in spite of the high porosity
of Stéber silica (35 vol % of the particles consists of aqueous solution) the pores are not filled
with neutral electrolyte in which ions can move freely. Otherwise, the siopes should have been
much closer to unity. The cause must be related to the pore size distribution. Let us consider in
more detail a particle with a radius of 310 nm and a total pore volume of 35 %. If the total pore
charge is 55 times larger than the outer surface charge (see below), it may be assumed that the
total pore surface area is about 55 times larger than the outer surface area. For cylindrical pores
with constant radius this would require as much as 107 am of pore length and a pore diameter of
about 3 nm. These figures point at serious double-layer overlap inside the pores. Further
observations by De Keizer et al. (19) reveal that larger tetraalkylammonium ions are not able to
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enter part of the pores. This indicates that there is a distribution of pore sizes, with - necessarily -
pores wider than 3 nm and pores more narrow than 3 nm. Irrespective of the precise nature of the
pore size distribution, it is mandatory that there is extensive double-layer overlap. Hence, mainly
counterions are present inside the particle. Since their number is approximately independent of
the ionic strength of the medium, these counterions can only influence the intercept of the
K *(K“) curves. In the wider pores the double-layer overlap is less serious, but apparently the
ions are not able to move through the particle from one side to the other. It thus seems that these
wider pores are not interconnected, or only connected by narrow pores through which the ions
move much more slowly. Taken together, the above features illustrate the drastic reduction of
ionic mobility inside the particle.

The intercept of the straight lines for the high-charge plug H is much larger than that for the low-
charge plug L. Via Eq. [5] we have calculated K7 ; = 0.10-107% S and K3, =042 1078 8.
Note that it is not necessary to know f(0) because the product ¢f(0) to calculate the surface
conductivity is readily obtained from the slope. However, for the determination of ¢, f(0)
must be known. These surface conductivities are of the order of the ones found for latex (14).
We can estimate the surface charge density o under the assumptions that the electroosmotic
contribution to the surface conductivity is negligibly small, which usually is the case, and that the
ions within the complete double layer have the bulk mobility. Then,
O'E =-K7;/i7 =-0.013 C/m? and O'?,v =-0.055 C/m*, Values of this order of magnitude are
commonly found on Aerosil which is a hard, non-porous silica (19). De Keizer and co-workers
performed titrations of spherical Stober silica particles with different radii and were able to divide
the particle charge into a part which scales with the (geometrical) outer particle surface area and a
part which scales with the particle volume. The first part can be interpreted as a surface charge
density (the double layer charge density), the latter as a volume charge density due to the pores,
pP°. For plug H, the particle charge at pH 8.0 in 100 mM KNGO, is approximately equal to the
charge at pH 9 in 10 mM KNO; (see Fig. 1) for which De Keizer et al. (19) determined
Py =-9.6- 107 C/m®. The surface charge density could not be determined accurately in KNO,,
but this value will differ not much from the value obtained from titrations with TMeA* as the
counterions, as shown by the results on Aerosil. Hence the charge o’?fm from titrations will be
close to —0.18 C/m?. This value is three times larger than the -0.055 C/m? found from the
conductivity experiments. The double layer is partly situated beyond the particle, and partly in the
porous phase of the particle. The ions in the latter part are obstructed and practically immobile.
Only a fraction of the double layer charge is mobile {order of 30%).

Till now the volume charge density p”° was left out of the interpretation of the conductivity
experiments. According to the above values, the ratio between the charge in the porous phase and
that on the surface is apf’ /30y ~ 55. Since o, obtained from the plug conductivities, is
much smaller than 0'% obtained from titrations (albeit of the same order of magnitude) it is likely
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that the immense amount of countercharge within the particles does not at all contribute to the
plug conductivity. The countercharge in the outer part of the double layer is exclusively
responsible for the observed conductivity. This seetns to be in contradiction with the fact that the
interior of the particles is titrated, which implies that small counterions can penetrate into the
pores. Hence, the mobility of these in the pores is not nihil. In the appendix we have proposed a
simple model to estimate the contribution of interior counterions to the plug conductivity. If
W’ luy <1.2- 107, the porous-phase contribution to the macroscopic conductivity is less than
10% of that for counterions in the double layer. This is below the limit of detectability. Titration
data are typically measured on a time scale of minutes. The characteristic time to diffuse into the
particle (i.e. over a distance of the order a) is O(a®/D,”) where D,” is the counterion
diffusion coefficient in the pores. Over a time interval of 1 minute, we estimate
D{? 1D =uf” fuy =8-107". Hence, the relative (average) mobility of counterions in the
porous phase must lie within the range 0(10'6) <uf’/uy; €001 07?).

In Fig. 3 the streaming currents per unit of applied pressure gradient are given as a function of
the ionic strength. The streaming currents for the high-charge plug H are, as expected, larger
than those in plug L. Maxima due to double layer polarization, as observed for latex (14,24), are
also present here. However, they are less distinct. They are sitnated around 1 mM KCl.

In Fig. 4 we show the {-potentials versus the electrolyte concentration, calculated from the
streaming currents according to the primitive Smoluchowski theory, (§5m°l), the O'Brien
theory, ({ 6220} and from the combination of the streaming potentials and plug conductivities,
(&™), The latter method correctly accounts for polarization of the double layer because
conduction behind the shear plane is taken into account. For a detailed description of the
calculation procedure we refer to our previous papers (14,24). Especially for lower ionic
strengths where double layer polarization is important, Smoluchowski's theory seriously
underestimates the {-potential. O'Brien accounts for polarization of the double layer due to
conduction beyond the shear plane, giving rise to a lower but still significant underestimate of the
¢ -potentials at low ionic strengths. By also taking surface conduction behind the shear plane into
account, the maximum in § which would be unrealistic for a (nearly) constant-charge surface
disappears. Furthermore, the trend in the {(c)-dependence as observed at higher concentrations
continues at lower electrolyte concentrations, This trend of course may not depend on whether or
not polarization of the double layer occurs. The values for @, calculated for these plugs are of
the order of 1. Hence, a significant part of the surface conduction is situated behind the shear

plane.

5. CONCLUSIONS

The charge of Stéber-silica particles can be controlled by the pH and the ionic strength.
However, since the plugs are concentrated systems with high buffering capacities, the particle
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charge hardly changes throughout series of experiments at different electrolyte concentrations. In
spite of the estimate that 35% of the particle volume consists of electrolyte solution, these pores
are not filled with neutral electrolyte through which ions are able to pass easily.

From the combination of De Keizer's titration data and our electrokinetic data we have
constructed the following kinetic model for the distribution of charge in and around a particle in
plug H. The double layer charge, i.e., the charge which scales with the particle surface area in a
titration experiment, is approximately —0.18 C/m?. The double layer is situated partly beyond the
particle surface, partly inside the porous particle. The mobility of ions in the porous phase is very
low, if not negligible. Therefore, only 30% of the double layer charge is "seen” in a conductivity
experiment. Since we had to account for substantial conduction behind the shear plane, the
charge seen in a streaming potential experiment is much less than that in a conductivity
experiment. The shear plane is situated at some distance from the particle surface.

The surface charge density which was estimated from the measured conductivity is smaller than
that observed for non-porous silica (Aerosil), albeit of the same order of magnitude. Hence, the
countercharge situated inside the particle, which is about 55 fold of that in the double layer, does
not significantly contribute to the plug conductivity. Only the countercharge in the cuter double
layer regime is sufficiently mobile and therefore seen in the plug conductivity. On the other hand,
on the typically much longer time scale of a titration, counterions are able to move in and out of
the pores. We estimated that the counterion mobility in the pores relative to that in the bulk is
between 107° and 107>, This low average mobility is probably caused by the pores having dead
ends, a large [abyrinth factor, or connected via very narrow pores. In order to increase the insight
into the dynamics of the (retarded) ion exchange process, we suggest the use of fast titrations in
future studies.

The electrokinetic potential computed according to Smoluchowski shows a maximum when
plotted against the electrolyte concentration. For surface with a nearly constant charge this must
be an artefact. O'Brien's theory, under the assumption of absence of conduction behind the shear
plane, makes the underestimation in £ at low ionic strengths less severe. But the {(c)-trend is
still qualitatively not correct since it changes when polarization of the double layer gets important.
However, if the surface conductivity behind the slip plane is also taken into account, the trend in
the {-potential is rather insensitive to whether or not double layer polarization occurs, as it
should be. Moreover, the spurious maximum disappears. A significant part of the conduction
takes place behind the plane of shear (@, = O(1) for the two plugs).

APPENDIX

Consider the porous inner phase of the particle as a Donnan phase with a not too low Donnan
potential so that, to a good approximation, only counterions are present inside, i.e., the

expulsion of co-ions is complete. The suspending electrolyte is symmetrical and the two ionic

81




CHAPTER 5

species have the same bulk mobilities. Furthermore, relatively thin double layers are considered,
i.e., xa>>1. Inside the particle where the potential has attained its Donnan value, as well as
beyond the electric double layer, the perturbations in the counterionic and co-ionic
electrochemical potentials, du, and du, respectively, obey Laplace's equation:

V2o, =0 r<a, r>a’  [Al]
2

Vzé)l] =0 r>a’ [A2]

where a~ denotes a position just inside the particle where the equilibrium potential has attained
the Donnan value, and a* is the position just beyond the double layer where the equilibrium
potential is zero. The solution to these linear equations can be expressed in an infinite series
where the coefficients of the terms must be determined by the boundary conditions. In dilute

dispersions only a minimum number of terms is needed:

8Hy = ayreosh r<a [A3]
8y =(Pr+y/r*)cos® r>at  [Ad]
duy = oyreosé r>at  [AS]

where o;, f§ and y are constants determined by the boundary conditions at the particle surface
and in infinity. We consider the situations where the jump in electrochemical potential over the
double layer is negligibly small. This local quasi-equilibrium assumption (see also Ref. (16))
implies 8| - = ity -

Co-ions may not enter the double layer from beyond:

=0 [A.6]

+
a

d
>

Counterions entering the double layer regime from beyond may go into the Donnan phase or
migrate along the surface via the double layer:
d Ky o

- —&
or + Ky or a

B, +aDu, V; 8ity .« =0 [A7]

a

a
where K4° is the conductivity of the Donnan phase. Since

a9 _Suy| oy
¥ T T,

a

= '?“ V28|« [A.8]

a a

boundary condition [A.7] can be transformed into a boundary condition applying to the field
beyond the double layer only
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3J .
;&tz . +aDuyV; 8ty . =0 [A.9]
where
" K£°
Dty = Duy +—2_ [A.10]
2K;3

In this way, the problem is reduced to finding the conductivity of a suspension of non-

conducting particles with relative surface conductivity Duy. The solution to this problem is

known (17). The conductivity of the dilute suspension, K *, is directly given by:

K=K~ +3pk=| 143 Dl [A.11]
2 41+ Du

The interior contributes to the macroscopic conductivity as much as the outer surface if

K37 =%aK%°, or equivalent, o' = TapP’u where we have neglected ionic transport due to

electroosmosis and assumed that the ions in the double layer have the bulk mobility. Although
these results were derived for dilute dispersions, they can be used as a first estimate for

concentrated systems.
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Dynamic Aspects of Electrophoresis and Electroosmosis:
A New Fast Method for Measuring Particle Mobilities
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Measuring the dc electrophoretic mobility in a microelectropho-
retic setup is traditionally performed at the stationary levels where
the electroosmotic flow due to charge on the capillary wall is ab-
sent. Small deviations in the measuring position can give signifi-
cant errors in the measured mobility, especially if the cell wall is
highly charged. An electroosmotic streaming profile does not arise
instantaneously upon switching on a field, but develops within a
characteristic time, typically of the order of 1 s in a common
capillary of 1 mm radius. From a theoretical study of the most
pertinent relaxation times in electrophoresis and electroosmosis it
is shown that, under the usual microelectrophoretic conditions, a
colloidal particle responds much faster to an applied electric field
than does the liquid inside the capiltary. Therefore, it is possible
to apply an alternating electric field with such a frequency that
electroosmosis is suppressed, whereas the particles are still able to
follow the field according to their dc mobility. Measurements were
performed with a commercial laser-Doppler microelectrophoretic
device in an alternating electric field as a function of frequency
and position in order to demonstrate this principle. This new
method for measuring particle mobilities overcomes the problems
associated with electroosmosis, e.g., finding the stationary levels.
© 1997 Academic Press

Key Words: clectrokinetics; relaxation in electrophoresis and
electroosmeosis; particle mobility, stationary and dynamic.,

1. INTRODUCTION

Upon switching on an electric field, a charged colloidat
particle starts to move to atfain a stationary motion after a
certain period of time. Finding relations between the station-
ary velocity per unit field strength and the double-layer cbhar-
acteristics has been subject of study for many years. In the
beginning of the 20th century, Smoluchowski {1, 2) im-
proved a relation between the mobility 1 and the {-potential
found by Helmholtz (3) in 1879. The resulting relation is
known as the Helmholtz—Smoluchowski law which is appli-
cable in the case of relatively thin double layers (local corva-

'To whom correspondence should be addressed. E-mail: ab@fenk.
wau.nl. Fax: (NL) 317 483777,

{K121.9797/97 $25.00
Copyright © 1997 by Academic Press
All rights of reproduction in any form reserved.

ture much greater than the double-layer thickness « ). Po-
larization of the double layer was not taken into account,

In 1948, Henry (4) and Booth {5) independently took
double-layer polarization into account in the case of spheri-
cal particles with thin double layers (xa 2 1, where 4 is the
particle radius). It turned out that the extent to which the
electric double layer is polarized depends on the valve of
the dimensionless ratio Du {after Dukhin (6)). Du repre-
sents the surface conductivity relative to the bulk conductiv-
ity (times a). When Du is of the order one or higher, the
electric double layer is polarized significantly and, as a con-
sequence, the electrophoretic velocity is retarded.

Henry and Booth did not consider the polarization of neu-
tral electrolyte ( concentration polarization ) around the parti-
cle. Deviations from the bulk densities extend from the sur-
face into the solution over distances of the order of the
particle radius a, i.e., well beyond the double layer if ka is
large.

In 1970, Dukhin and Semenikhin (7) took concentration
polarization into account. They solved the conservation
equations for bath ionic species in a symmetrical electrolyte
{ whereas Henry and Booth solved one conservation equation
for the total electric current). In tackling the problem,
Dwukhin realized that the double layer practically is in local
equilibrium with the surrounding electrelyte. This ‘‘local
equilibrium assumption’” is a cornerstone in many important
theories for electrokinetic phenomena. It is also successfully
applied in theories for the dielectric response of dilute sus-
pensiens {6, 8—10) as is shown by comparison with exact
numertcal results (10, 11). In fact, Henry and Booth also
used a local equilibrium assumption to compute double-layer
potarization. Therefore, they considered the double layer as
an extremely thin sheet. As a consequence, the perturbation
in electric potential in the sheet is nearly independent of the
radial pesition within the sheet and it is identical to the
perturbation in the electric potential just beyond the sheet
in the neighboring electrolyte. However, the potential in an
undisturbed diffuse double layer, no matter how thin, shows
a fast radial decay. Also the perturbation in the electric po-
tential inside the electric double layer due to double-layer
polarization has a strong decay (10, 12). Dukhin noticed that
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not the electric potential but the electrochemical potential is
nearly constant.

Outline of the paper. In this article we are interested in
the time needed for a particle to attain a stationary velocity
relative to the selution in which it is moving after switching
on an ¢lectric field. For this purpose, the most pertinent
relaxation processes are studied in Section 2.2. The corre-
sponding relaxation times, as we will see, divide the time-
axis in regions where the different theories discussed above
are applicable. So it is outlined that a particle with a rela-
tively thin double layer moves according to Helmholtz—
Smoluchowski shortly after switching on the field when the
double layer is not yet polarized, and according to Dukhin—
Semenikhin after longer times when the double layer is com-
pletely relaxed.

Mobilities are usually measured in a microelectrophoresis
setup in closed capillaries. The response of the liquid to an
applied electric field is given by the well-known parabolic
velocity profile. This flow field is described by solution of the
Stokes equations. However, electroosmosis will be absent
immediately after switching on a field. It takes a certain
characteristic time 7., for the electroosmotic profile to de-
velop. In Section 2.1 we will find an expression relating the
characteristic time T, to the capillary radius R, the liquid
density p, and the liquid viscosity 77 by considering the Na-
vier—Stokes equations.

It will be shown that in a conventional microglectrophore-
sis setup, a panticle reaches the stationary velocity much
faster than the liquid inside the measuring capillary.

Section 3 demonstrates the principles on the basis of mea-
surements, performed with a commercial laser-Doppler mi-
croelectrophoretic device in an alternating applied electric
field as a function of frequency and position,

2. THEORY

2.1. Dynamic Aspects of Eleciroosmosis

In order to guarantee well-defined hydrodynamic condi-
tions in microelectrophoretic experiments, closed cells are
usually used. However, closing the cell does not imply im-
mobilization of the fluid. The cell wall usvally carries charge
which induces an electroosmotic displacement,

The velocity profile in the stationary situnation is well
known, For the most common cylindrical cell, beyond the
electric doable layer, this profile is given by (6)

v =l 2(r/RY — e, (1

which is the sum of the linear electroosmotic profile and a
Poisseuille-type back flow. Here, R is the capillary radius,
€ is a unit vector along the capillary axis, r is the distance
from the capillary axis, and v, is the electroosmotic slip
velocity, ie., the velocity just beyond the diffuse double
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layer. The stationary plane is located at position r =
(UZ)\ER. The velocity inside the double layer has a much
stronger radial position dependency due to the extra electric
force term. The velocity changes from O at the shear plane
10 Ve, just beyond the double layer.

Under nonstationary conditions {(just after switching on
the electric field) the velocity beyond the double layer is
found by salving the Navier—Stokes equations

p%lv-=nV2v—Vp (2]
Vv =0, 3]

whete p is the liguid density, p is the pressure, and 7 is the
liquid viscosity. The nonlinear term is omitted since we are
interested in solutions for low electric fields, i.e., low v.

We will study the response to a harmoenic oscillating elec-
tric field with magnitude E, and angular frequency w:

E = Ezexp(iwn)e, [4]
subject to the houndary condition
v = yexpliwt)e, 5]

at the capillary surface.” The double layer is thin compared
to the capillary radius («R 2 1) and the liquid inside the
double layer will respond nearly instantaneocusly to the ap-
plied field in the frequency regime of interest where inertia
of the liquid beyond the double layer is studied. Hence, v,
is a real number. The condition of no net flow in the closed
system mathematically completes the problem.

Equations [2] and [3] are linear. This means that in find-
iNg 7., it is sufficient to study transport in an open capillary,
for which Vp = 0, and the pressure-induced backflow sepa-
rately. For an open system at higher frequencies, oscillations
of the liquid are restricted to a small region close to the
capillary surface. Then we may solve the equations for a flat
geometry

[6]

subject to the boundary conditions

[7]
(8]

v

v.expliwt)e, aty = {0

0 as

v y—r x>,

*In principle this boundary condition mus: be applied just beyond the
double layer. However, since the velocity beyond the double layer does not
change significantly over distances x ™', this position may be identified with
position R.




in

The v-axis is perpendicular to the capillary surface { pointing
inward ) and has the origin at this surface. The solution is
well-known (13):

V= uexp(—1 'y + iwtie, ['=(1 +i) H“;—"‘ (9]
n

Equation [9] represents damped harmonic oscillations. The
velocity profile is oscillating with a characteristic penetration

depth é
so [
wp

into the solution. This result is valid for such high frequen-
cies that 6/R < 1. Stll, we may use it to estimate the order
of magnitude of the characteristic ime 7.,, which cormre-
sponds to the time for 6 to become of the order of the

capillary radius R:
Teo = O( ) .

Inspection of the pressure-induced backflow shows that it
develops in the same characteristic time. Hence 1, is also
the characteristic time for the full development of flow in a
closed system.

In microelectrophoresis, the capillary radius is typically
| mm and measurements are usually performed in agueous
solutions. For this situation it follows from Eq. [11] that 7,
=0(0)s.

[10]

R

n

[11]

2.2. Dynamic Aspects of Particle Electrophoresis

In this section we will consider the response of a charged
particle with a thin double layer (xa 3 1) subjected to an
electric field switched on at time ¢ = 0.

Hydrodynamic relaxation. Since the dielectric per-
mittivity of the particle is usually much smaller than that of
the aqueous solvent, the electric field will initially be nearly
tangential to the particle surface. As a result, liquid in the
double layer starts to move along the surface. This thin layer
attains its quasi-stationary velocity nearly instantaneously,
in contradistinction to the liquid beyond the double layer,
where in the stationary state the velocity profile extends over
distances of the order a. By comparing the viscous term and
the time-derivative term in the Navier—Stokes equations, the
typical time 7, to attain a stationary hydrodynamic profile
beyond the double layer is found to be of the order (11)

n=of22).

o
7

[12]
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This expression is identical to [ 1 1] except tor the characteris-
tic length scale which is now the particle radius. For a 100-
nm particle in an agueous solution, v, = Q10 ")s.

In order to just estimate the effect of inertia due to the
particle mass on the response, we assume that the velocity
of the fluid around the particle is relaxed (s & r,). Then
the force on the particle is given by a Stokes-type relation
{6, 14} resulting in an exponential increase to the quasi-
stationary velocity. The characteristic time for this process

o)

where p, is the density of the particle. Usually p, is close
to g so that 7, = O(7,} which means that the two relaxation
processes occur essentially simultaneously.

If we suppose that the electric double layer 1s still unpolar-
ized, all conditions for the Helmholtz—Smoluchowski ex-
pression are abeyed for ¢ beyond a few times the highest
value of 7, or 7,. Hence, the particle movement can be
interpreted according to this expression.

Double-laver polarization. The double layer however
does not remain unaffected by the field. For simplicity we
consider a symmetrical electrolyte where the cations and
anions have identical diffusion coefficients. The current
flowing in the double-layer regime due to the (initially nearly
tangential ) electric field is locally not balanced and this leads
to [ocal changes in the double layer charge and hence to its
polarization. This polarization process continues until the
currents induced by the extra dipole field balance the initial
currents; i.e., the sum of the charges entering and leaving
any portion of the double layer per unit time equals zero.
The dipole strength attains a quasi-stationary value in the
typical time T, (15):

Ta = 0(

where I is the diffusion coefficient of the ions. For example,
for 1 mM KI in water, 74 = Q(10 ")s.

The Henry—-Booth theory is applicable and the particle
will move according to this theory at times beyond a few
times 74, provided concentration polarization is still absent.

Concentration polarization.  After the relatively rapid
adjustment of the electric double layer, a much slower pro-
cess will take place as we will see now. The electric currents
are balanced; however, this is not yet the case for the fluxes
of the individual icnic species. In the electric double layer,
the current is mainly carried by counterions, whereas beyond
the double layer this current is equally carried by co-ions
and counterions. This unbalance makes the particle behave
as a source for newtral electrolyte at one side and as a sink

azpv
n

[13]

x'D el
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at the other. As a result, neutral icn density changes spread
out into the electrolyte. In the stationary situation, deviations
from the bulk densities extend over distances of the order
of the particle radivs ¢ . The time for diffusion over a distance

a is typically
a2
e=of5).

which is O(107%)s for a 100-nm particle in an aqueous KI
solution. For 7 beyond a few times 7., not only the electric
current but also the fluxes for the two individual ionic species
are stationary and the particle will move according to the
Dukhin-Se¢menikhin theory for the dc mobility. Usually this
is the relaxation process with the largest characteristic time
in electrophoresis. Hence, for not too extreme situations 7,
# T In this respect we mention that for a very large particle
of 30 pm in an aqueous KI solution, 7., = O(1)s which is
comparable to 7., in a microelectrophoretic experiment so
that the condition 7., > 7, is violated. However, polarization
of the double layer for such a huge particle and its effect
on the mobility are negligible. The particle will move ac-
cording to Helmholtz—- Smoluchowski. This can be seen from
the derivation below.

(15]

FParticle mobility. In an alternating electric field the par-
ticle will follow the field according to its dc mobility for
frequencies well below 7. Around the frequencies where
relaxation processes occur, the mobility will show dispersion
in the velocity, i.e., an out-of-phase motion. This will now
be demonstrated for frequencies around 7. From the flux
balances for the individual ions and the local equilibrium
assumption, the electric potential and ionic concentrations
are calculated for frequencies around 7. From these, the
electrochemical potentials for the individual ionic species
arc derived. The mobility is related to the tangential gradients
of the electrochemical potentials in the double layer regime
(10, 12, 16, 17). Using these relationships, one obtains the
following expression for the mobility:

e _ g Du
ekT kT 1+ Du(l — 3 y(wr))
2In2 e 2In2 el
X{ . AT ”(“’”( 2 2kr)}’ hel

which is an explicit form of the equation given by Hinch er
al. (12). Here, £ is the dielectric permittivity of the liquid,
k is the Boltzmann constant, T is the temperature, z is the
co-ien valence, y(wr) is a complex function of the nondi-
mensional angular frequency wr,
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TABLE 1
Theories, Applicable for the Different Time Domains
after Switching on an Electric Field at ¢ = §

Time domain Theory applicable

Helmholiz - Smoluchowski
Henry - Booth, Eq. (20}

Th TpRE €Ty
Ty Tor Tar €L & T,

Tep & Dukhin—Semenikhin, Eq. [19]
wWrwr + dwr a?
HWwr) = . T=, [17]
(1 + vwr}l + wr) 2D

and Du is the relative surface conductivity parameter (6):
2
Du== (1 + L’f + 6)[exp(zeC/2kT) - 11,
Ka Z

2ek*T?
m= .
3ne*D

[18]

where © reflects the conduction behind the shear plane (6,
18}. The first term on the right-hand side of Eq. [16] is the
Helmholtz—Smoluchowski result. The second term shows
the retardation due to polarization of the double layer and
becomes unimportant for Du <€ 1.

Two limiting cases immediately follow from Eq. [16]:

mew _eL |

kT kT

Du 2In2  ef
1+ Du z kT

} as wr <1, [19]

which is equivalent to the Dukhin-Semenikhin expression
for the dc mobility (7, 19) and

neu et Du el,
DSy M S wre 1 20
kT kT 2+ Du { kr} awmowr [20)

which reduces to the Henry—Booth expression for the mobil-
ity if © = 0(4, 5, 19). Around w = 7' the mobility shows
dispersion and the motion is out of phase. For particles with
low relative surface conductivity (large @ and/or low surface
charge density), Du < 1. Then polarization of the double
layer and its influence on the mobility are negligible so that
the particles move according to Helmholtz—Smoluchowski.

Measuring the mobility for frequencies around w = 7'
would yield extra information and the correct {-potential if
Dy = Q(1). The particle radius @ can be obtained from the
relaxation frequency. From the two limiting mobilities, {
and © are obtained.

The relaxation times discussed in this section depend cn
the particle radius, double-layer thickness, medium viscos-
ity, and diffusion coefficient of the ions. This means that the
magnitudes will be changed for other numerical examples.

In Table 1 we have summarized the results of this section.
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FIG. I. Total mobility «, as a function of the relative radial position

inside the measuring capillary for (0) w/2x = 0.5 Hz and (Q) wi2r =
50 Hz.

3. EXPERIMENTS

Mobilities were measured with a commercial laser-Dopp-
ler device (Malvern, Zetasizer 3). The reader is referred to
{20, 21) for details concerning the apparatus. In the common
measuring mode, a rectangular alternating electric field of
relatively low frequency is applied to suppress electrode
polarization and the measurements are performed in the sta-
tionary plane. The measurements can alse be performed in
fields with higher frequencies without making alterations of
any kind to the hardware. This is done via the standard
software by adjusting the mirror moduiation frequency and
correlation interval, The radius of the capillary is 2 mm.

Mobility measurements were performed with silver iodide
particles (@ = 120 nm obtained from dynamic light scatter-
ing) in an aqueous | mM KI solution. This classical colloid
is easy to make and the surface potential is controlled by
KI. The relative surface conductivity under these conditions
is O(1) so that the mobility may be significantly retarded
due to polarization of the double layer. The velocity per
unit field strength was measured in an alternating field as a
function of the radial position in the closed capillary. The
measured total mobility u, (sum of electrophoresis and elec-
troosmosis) is presented in Fig. | for two frequencies. At0.5
Hz, the velocity of the particle has the well-known parabolic
dependence on position. This is the result of the static elec-
trophoretic velocity and the parabolic velocity profile caused
by electroosmosis. The measured velocity at 50 Hz, indicated
by circles, was constant throughout the major part of the
capillary and identical to the measured velocity in the sta-
tionary planes ( 14.65 and 85.35% ) at 0.5 Hz. The deviations
from this constant value near the capillary wall can be caused
by light scattered from the wall or residual electroosmosis
occurring near the wall, From these measurements we con-
clude that electroosmosis is absent in the major part of the
capillary at 50 Hz.
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Furthermore, measurements were performed in the middle
of the capillary as a function of frequency in the range 0.25-
30 Hz and shown in Fig. 2. The curve is the empirical fit
with a Debye-type of relaxation given by the expression u,
= —(3.65 + 442/(1 + (wre,)’N X 1078 m*s™' V' The
measured velocity changed from the electrophoretic velocity
at high frequencies to the sum of the electrephoretic and
electroosmotic velocity at low frequencies. The observed
characteristic ime 7, for the development of the electroos-
motic profile is 0.13 s. This is one order too small compared
1o the theoretical value of 4 s resulting from Eq. [11]. In a
more precise study, it would be necessary to compute the
exact velocity profiles as a function of frequency from the
Navier-Stokes equations. This should be the object of future
studies.

As a remark we want o mention here that measurements
on other systems such as monodisperse latex and oxides
have shown similar results.

4. CONCLUSIONS

Swdying relaxation processes in electrokinetics is not only
of great scientific interest. It can also contribute to solving
practical problems. Via a theoretical analysis and experi-
ments it was shown in this article that colloidal particles
respond to the electric field much faster than the liquid inside
the measuring capillary. This enables one to suppress elec-
troosmosis in mobility measurements by measuring the mo-
bility at a sufficiently high frequency. The principles were
illustrated by experiments.

The new method for measuring mobilities overcomes the
problems associated with electroosmosis. In this respect we
can mention that ao stationary planes have to be searched
and, hence, emmors due to small misplacements are absent.
Furthermore, the {-potential of the capillary surface can be
a function of position due to inhomogeneous contamination

-8
)
T
-
‘n
a8
B
*®
o -5
pr
-
j=JR .
-
-3 T — T T
0.1 I i0 100

/22 (Hz)

FIG. 2. Total mability &, measured in the center of the capillary versus
the frequency w/2a: () measurements. The empirical fit is given by the
curve,
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or sedimentation of particles. In the latter case the bottom
of the capillary has the particle {-potential, whereas the top
has the capillary {-potential and the stationary planes would
deviate from the thecretical positions. This problem occurs
when relatively heavy particles are subject of investigation,
e.g., in soil science studies. We conclude that inclusion of
the frequency as a variable in capillary electrophoresis
avoids these problems and directly yields the correct particle
mobility.

S b —
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Chapter 7

POLARIZATION OF THE STERN LAYER AND ITS ROLE IN THE
Low-FREQUENCY DIELECTRIC RESPONSE AND
ELECTROPHORETIC MOBILITY!

ABSTRACT. This paper discusses the influence of finite mobilities of the ions in the non-diffuse
part of the double layer on the low-frequency dielectric dispersion (LFDD)} and the
electrophoretic mobility. The classical thin double layer theory of Fixman (1) concerning
polarization of the diffuse part of the double layer is generalized by rigorously including
polarization of charge in the dense part of the double layer. Using different models for the
exchange of charge between the Stern layer and the diffuse layer, the cases of free exchange,
absence of exchange and the intermediate situation of retarded exchange are all included.
Retarded exchange is characterised by the absence of local equilibrium between the Stern layer
and the diffuse layer. The charge in a perturbed Stern layer relaxes to a new stationary
distribution via the simultaneous processes of ion exchange and lateral transport in the Stern
layer. This results into one extra dispersion in LFDD spectra (next to the classical dispersion
induced by the diffuse layer). The faster process determines the position of this extra dispersion
on the frequency axis.

If ions in the Stern layer are able to exchange with the neighbouring diffuse layer, the de-particle
mobility is retarded. The more freely the ions are able to exchange, the more the particle mobility
is retarded,

! Submitted for publication in J. Chem. Soc. Faraday Trans. in ¢coauthorship with Leeuwen, H, P. van,
Lyklema, J.
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1. INTRODUCTION

Over the past few decades several models for the polarization of the electric double layer have
been developed in order to interpret the low-frequency dielectric dispersion (LFDD) observed for
colloidal suspensions. Originally, Schwarz (2) proposed lateral transport of counterions in the
Stern layer as the main mechanism for double-layer polarization. lons were supposed to be
unable to exchange between the Stern layer and the diffuse layer. Dukhin and Shilov (3)
suggested an altemative mechanism. In their theory the quasi-equilibrium polarization of the
complete double layer is responsible for the LFDD. Free exchange between the double layer and
the adjacent electrolyte is the main assumption in this theory. More recently, Kijlstra et al. (4),
and Rosen et al. (5) developed similar models for a Stern layer in equilibrium with the
neighbouring diffuse layer in order to interpret experimental LFDD and mobility results. Dukhin
and Shilov did not reject the Schwarz mechanism for polarization of the Stern layer as a possible
option. They modified the Schwarz theory by incorporating the necessary screening by the
diffuse layer in the absence of an equilibrium diffuse layer (in the iso-electric point) (3). This
effect was not taken into account by Schwarz. Lyklema et al. (6) further modified this theory for
situations of non-zero Stern potentials, still under the restriction of smalt values of the relative
surface conductivity parameter Du ( Du << 1, see e.g. Ref, (7.8) for the precise definition of
Du) where concentration polarization is negligible. More recently, Razilov and Dukhin (9) and
Razilov et al. (10) extended this theory for moderate values of Du ( Du = (1)} by studying the
mutual influence of polarization of the Stern layer and the diffuse layer.

Hence, theory describing polarization of the Stern layer is available for the extreme situations of
free exchange with the neighbouring electrolyte and complete absence of exchange, An
intermediate situation has been the object of a study by Hinch et al. (11) They took into account
retarded surface site reactions and showed their effect on the LFDD. However, surface ions were
not allowed to move along the surface.

Qutline of the paper. As a next step, we want to develop a thin double-layer theory where ions
in the compact part of the double layer are mobile and able to exchange at some rate with the
adjacent diffuse layer. In the following section we introduce the phenomenon of Stern-layer
polarization by considering a Stern layer subjected to an alternating electric field in some pertinent
limiting situations. In section 3 the electrokinetic equations and proper boundary conditions are
set out. In section 4 we give the solutions to these equations, valid beyond the electric double
layer. In these solutions there remain a few of undetermined quantities which must be determined
by boundary conditions imposed on the fields in the vicinity of the particle surface. In section 5,
these so called "inner boundary conditions" are related to perturbations in the Stern-layer charge.
These perturbations depend on the physical mechanisms which may be operative in the double
layer. Some simple models for the description of ionic exchange between the diffuse and the
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Stern layer are derived in section 6 after which in section 7 their effects on the LF dielectric
dispersion are derived. To provide more insight in the consequences of Stern-layer polarization,
approximate expressions for the permittivity, the conductivity and the dc particle mobility are
given in section 8. In the section "results and discussion” some typical cases are calculated and
discussed.

2. DYNAMIC ASPECTS OF STERN-LAYER POLARIZATION

Phenomenologically, four limiting situations of Stern-layer relaxation can be distinguished. To
this end we introduce the characteristic times 7, needed for tangential redistribution of ions in
the Stern layer and 7, needed for establishing equilibrium between the Stern layer and the
diffuse layer (in the absence of tangential redistribution). Consider:

1) the period of the applied electric field is smail compared to 7, and small compared to 7, i.e.:

/7, <<w, UUtp<<wo [1]

where @ is the angular frequency of the field. In this situation ions are not able to exchange
between the diffuse and the Stern layer. Furthermore, ions in the Stern layer cannot redistribute
tangentially. Consequently the Stern layer stays unpolarized.

2) the period of the applied field is large compared to 7, and large compared to 7;:

T, >>w@, lUz,>>a [2]

Now, ions are able to exchange between the layers, as well as to redistribute by moving
tangentially to the surface. The two mechanisms occur simultaneously and are responsible for
polarization of the Stern layer.

3) the period of the applied field is large compared to 7, and small compared to 7,:

Ty <<w<<l/t) 3

Redistribution of ions in the Stern layer by movement along the surface is not possible.
However, ions are able to exchange between the Stern and diffuse layer. This is the only
mechanism operational for the polarization of the Stern layer. O'Brien (12) studied the effect of
fast surface-dissociation reactions on the dipole strength. Ions in the Stern layer were not able to
move along the surface. This situation obeys conditions [3].

4) the period of the applied field is small compared to 7, and large compared to €, :

/7, <<w<<l/1, 4

Ions are unable to exchange between the Stern and diffuse layer, but polarization of the bound
layer is possible by the tangential redistribution of ions. This is the mechanism proposed by
Schwarz (2) to explain the LFDD.
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3. ELECTROKINETIC EQUATIONS

We consider a spherical particle with radius a in a suspending electrolyte where the ion charge,
ion friction coefficient and number density of the i-th type of ionic species (i =1,2,...,N) are ze,
f: and n;, respectively. The origin of our spherical co-ordinate system is located at the centre of
the particle. The distance to this centre is . We will identify the position just inside the particle
with @™, the position in the inner part of the diffuse layer, adjacent to the surface, with a, the
position of the shear plane with a® and the position just beyond the thin diffuse double layer
with a*. :

An oscillating electric field with magnitude E, and (angular) frequency @ is imposed:
E=Eyexpliovs), E;=|E) (51

The electric potential w , the space charge density p and the dielectric permittivity £ = g€, are
related via Poisson's equation:

N
V-eVy=—p=-3 zen i6}
i=1
where £ = gy¢, is the permittivity of the medium.
The ions are convectively transported by the fluid with velocity v and are able to move relative to
the solvent under the influence of electric and thermodynamical forces. The ionic flux density J,;
is given by the Nemst-Planck equation:
- . kT{ ges = )
Jo=ni——|n=Vy+Vn 7
==L Py T )
The motion of the fluid is described by the Navier-Stokes equations restricted to incompressible
fluid flow and low Reynolds numbers, extended with an electrostatic force term. In the LF
domain to be considered here, the time-derivative term may be neglected (13):

V% —-Vp—pVy=0 (8]

V.5=0 [9]

where 7 is the liquid viscosity and p is the pressure.
Conservation of ions implies:

o = =

=+ +V-J;=0 [10]
a
If the applied electric field strength is low, the equations can be linearized around the equilibrium
values in the absence of the imposed field (subscript eg). To that end we write:
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W= l)"’eq +6W+O(E(§)
n; =1y g + 80 + O(ES) [11]
etc.

The liquid velocity v is first-order in E,. Substituting these expressions in the above equations
and omitting the small non-linear O(Eg) terms we obtain a set of equations linear in the
perturbation quantities:

V-eVay =-8p=- zedn, [12]

- _ kT(z = - -
Ji=ng 5 - —(Z 2 (1,00 VO + S0V Y )+ v&;l.)

£ \kT
kT on 3]
=n Gen. 29 5 Gy L
et " Hhedy {kr "”n.-,eJ
V% -Vép-p, Vow - pVy,, =0, V-5=0 [14]
Wy o -
—i4+V.-J. =0 15
5 TV [15]

The term between square brackets in Eq. [13] is just the first-order perturbation in the non-
dimensional electrochemical potential, ;.

It remains to determine the boundary conditions of the functions 8y, dn; and ¥, Far away from
the particle the electric field approaches the applied electric field and the ion density approaches
its bulk value (superscript "eo");

Véy=-F as r— oo [16]

S =0 as roee [17]

In order to keep the mathematics tractable but nevertheless to capture the essential physical
features we restrict the situation to the case of very high inner layer capacitances. In fact this
means that the surface ions, giving rise to the surface charge o®, and the Stern ions giving rise
to the Stern charge &} are virtually located in the same plane and experience the same electric
field. Lyklema et al. used the same approximation in their Stern-relaxation study (6). As a further
elaboration the case of lower Stern-layer capacitances may be considered. We shall refer to this
combined layer with the symbol "S$". The perturbation in potential at the surface is related to
perturbation in the surface charge density by Gauss's law:

)

4

=-66" {18}

a
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Here, 8o’ is the sum of the perturbations in surface charge density and Stern layer charge
density.

Ions are supposed to be unable to be transferred through the particle surface (which excludes
certain types of colloids like Agl):

J8=0 at r=a {191
where €, is the unit vector, normal to the surface.
Furthermore,

=0 <at
0 at r<a [20]

v
V==V, as r—es
where v, denotes the electrophoretic velocity. The liquid between r=a" and r= a® is

supposed to be stagnant.

4. EQUATIONS AND FIELDS BEYOND THE THIN DOUBLE LAYER

Beyond the relatively thin diffuse double layer with thickness:

ol = {s""kiyzz,?eznr' [21]

the electrolyte is unperturbed by the equilibrium double layer
Weg = 0. Pieq = n;e [22]

and the set of governing equations simplifies. The solutions to these simplified equations define
the so called "far fields” and are labelled with the superscript "f".
Beyond the deuble layer the Poisson equation reads:

V25y! = -E%Zz,.eal{ 23]
i

Using the Nernst-Planck expression, the conservation equation for each species turns into:

_ﬁm a&:lf 2[ o0 L€ f f]

S =V i by + Oy 24
KT o WY T 04l
The convective term cancelled because of incompressibility. From hereon we will consider the
far less complex but common situation of a symmetrical (in valence) suspending electrolyte.

Adding the conservation equations [24] for the two ionic species results in:

V20 = im%g,,f, =+ )2 [25]

Subtraction of the conservation equations yields:
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ka/zl s

Vil ziw—L- L2 &), o le=(fT g+ f )02 [26]
kKT n

In obtaining Eqs. [25] and [26] we used the electroneutrality condition &l]f = &1{ =én’ . These
equations are exact if the ions have equal diffusion coefficients, and are good approximations if
i # £, as long as the frequency is much smaller than the Maxwell-Wagner frequency
(=O(K™ /£)). This was explained by Dukhin and Shilov (3) and Hinch et al. (11) by including
Poisson's equation. The electroneutrality condition only cancels insignificant terms. To a very
good approximation, Eq. {26] still accounts for the space charge that arises beyond the electric
double layer if £~ # fy". The right-hand-side is directly proportional to the space charge density
via Poisson's equation. If /™ = f;°, Laplace's equation for the potential is operative everywhere
beyond the double layer. Hence charge generation beyond the double layer is absent and there are
no associated diffusion potentials.

The unique solution of Eq. [25] for &’ , which tends to zero far away from the particle, and
which is able to satisfy the boundary conditions just beyond the double layer, is:

ol = dy i Ey {1+ Ar)exp(—Ar)cos(B) exp(iw?) [27]

where

il
8

da=(+iWwr, 1=

28
2kT [28]

Here, T is the characteristic time necessary for the diffusion layer (with typical dimension a) to
develop. The potential beyond the double layer is given by:

2l 1z dn’
5o

where d,, and d, are polarization parameters, to be determined by boundary conditions imposed

[29]

d,a’Ey
6ylf={-E0r+ ,4,02 Jcos(ﬂ)cxp(la)ﬂ+
r

Just beyond the double iayer, the so-called "inner boundary conditions".

5. THE INNER BOUNDARY CONDITIONS

By subtracting the conservation equation for the far fields from the general conservation equation
[13] and integration over the diffuse part of the double layer (d), we obtain the integrated flux
balance for the perturbations in the diffuse layer:

arj(&’ & Yir Vz[z. Sy f+6n JJkT( g = i e + 475

ﬂ'-r;>
KT o d &n! oo
fz j ﬁr[z;a fy )a+ { (n,-,eq—n,- )vdrzO

(30]

]
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J{f"s expresses the flux of i-type ions exchanging from the diffuse to the Stern layer. Fixman

considered particles with fixed surface charge density and could neglect accumulation in the
diffuse layer and normal transport from the diffuse to the Stern layer (14,1) but in the present
study these two extra contributions must be taken into account. In the dertvation of conditions
[30] we have assumed that local equilibrium between the diffuse layer and the adjacent electrolyte
is maintained. Following this assumption, du; was considered to be equal to 5;1{ in the double-
layer region. The two extra contributions will be expressed in the far fields evaluated at the
particle surface and eventually appear in the inner boundary conditions for the far fields.

Since the surface charge and the Stern-layer charge are located in one single plane, the surface
potential ufﬂ and the Stern potential y* are identical. The shear plane may be located somewhere
C| < |!]/D|. Henceforth, the surface charge will be identified as just

beyond the particle surface,
one of the i-type Stern ions. First we obtain the accumulation in the diffuse double layer. In
leading order, there is no normal flux in the perturbed diffuse layer. Hence, the local ion density
in the diffuse double layer will obey a Boltzmann distribution:

n; < exp(—z;ey 1 kT) {31]

Just cutside the diffuse double layer the potential is equal to 5ulf | 2 and as the ion density
r=a

)

Subtracting the equilibrium distribution and omitting small second-order terms yields the

equals nf| e roportionality constant can be determined:
i),_, e P

n; = n'.fL exp(—%[w - &y’

perturbation in the ion density:

&, = exp(—z,-EWeq/kT)(&Llf | - %[&,u— 5.,quD [33)

By substituting this expression into Poisson's equation, Hinch et al. (11) found, in the case of a

symmetrical binary electrolyte, the potential profile in the perturbed flat diffuse double layer:

18],
2 n"

d
5w=6wfa+—jrﬁ B+

(r-a [34]

where B is a constant determined by the boundary condition on the potential at r = 4.

Using Eqs. [33] and [34], and the potential profile for a flat diffuse double layer we obtain the
perturbations in the excess amount of accumulated ions in the diffuse part of the double layer
ore .

2 Far fields can only change significantly over distances of the order of the particle radius, so ﬁwf . is in good
=
approximation equal to Sy’ | .
r=a
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8 = [ —dnyar
[35]

a
n” onf
—;(—KB[exp(—zieweq 1Ty — 1] + F[exp(—zie Weoq ! 2KT) - 1]]

r=a

Y| o
£ 7‘&— oc [36]

All adsorbed species contribute to the total bound charge:
do’ = E&J’f = Zz,. edi =) z ej&t,-’dr [37]
i i i 5

B follows from?:

Needed are the perturbations in the adsorbed amounts. By integration of the conservation
equation over the Stern layer {5) we obtain the integrated flux balance for the Stern layer:
0 J‘ = kT ze S o d—S
— 5n-dr—IV, -—(—'-nie V. 8y +V,bn; Jdr—]-” =0 [38]
T 5 eq 't [ il ] 1
o) Lk
Because perturbations in the Stern-layer charge may also be generated by exchange of charge

between the Stern layer and the diffuse layer, the development of a dynamic model for the
description of this exchange is the next step of our analysis.

6. DYNAMIC MODELS FOR ION EXCHANGE BETWEEN THE STERN LAYER AND
THE DIFFUSE LAYER

In this section we present two simple models for ion exchange between the Stern layer and the
diffuse layer. The first model is specific and considers a site-binding mechanism. The second
model is not specific and assumes the presence of an average, short-range (<< x~1) interaction
potential responsible for accumulation of ions in the Stern layer. This interaction potential has a
peaked narrow maximum at the boundary of the Stern and the diffuse layer. This maximum
limits the rate of ion exchange between the two layers. Comparison between the two models
yields a more general expression for ion exchange.

6.1. Site binding model
Consider the simple first-order site binding reaction of an ion of kind i, B; with a surface site §
to form a surface complex B;S. The reaction rate constants for adsorption and desorption are k; ,

and k; 4 respectively, Then:

3 We assumed the permittivity of the particle to be small.
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BS [39]

For this reaction, the net rate at which surface sites are occupied by species i is given by:

ars
o

where I'* and I are the number of empty sites and that of occupied sites per unit surface area,

=k L]~k I [40]

respectively. In the equilibrium situation the net rate is equal to zero which relates the rate

constants:
I-'B.? k
—ﬂ;i—'—'dEKi'eq [41]
I-;.eq k:'.a

If the applied electric field is small, we can linearize the rate equations. First we introduce small
periurbation terms linear in the applied electric field:

I7 =I5, + 87 + O(E})
S =T+ 8% +O(E) [42]
etc.

Substituting these expressions in the rate equation and omitting the small O(Eé) non-linear terms

gives us the linearized rate equation:

19
a‘;f (r%‘n |, +6T %, a) — kg I7 [43]
Using Eq. [41] to eliminate &; , yields:
81y & | ere ey
—t =k = + 44
o i,d l‘eq[ni,eq |a I;e; r,.v,-gq [44]
With the use of conservation of sites
8re +y 87 =0 [45]
i
we obtain:
oor; on éT y 261’"5 I,
a8 i i i i,&
J" - = T - k‘ d}:seq 1 + 6Fs Fef [46]
:eq| :eq i eq
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6.2. Average interaction-potential adsorption model
In this model an ion of species i near the surface is supposed to experience an average specific

interaction energy #™ . The Nernst-Planck equation for this situation is given by:

s~ kT| |zedy 1 du™ | dn
Jog ="l x2¥ 24 1,5 47
PEETY (n’[kl‘" dr T dr |" dr 47

For small applied electric fields this equation can be linearized. First we introduce terms linear in
the applied field:

W=y, +8y+O(ED)

w" =y, (48]
;= ﬂi‘eq + &li + O(Eg)

The interaction potential is considered to be not perturbed by the applied electric field.
Substituting these expressions and omitting small non-linear terms yields:

P kT d | ez dn; kT d
Jl € f; i eq dar { kT 6"’ ";‘,eq ] f, "t,eq dr e [ }

Gradients in the electrochemical potential are the driving force for transport. Solving for
—kTddy; and integrating from a position (& — A) somewhere in the interior of the thin Stern layer
to position a just beyond the bound layer (but in the inner part of the diffuse layer adjacent to the
surface) yields:

a r=sa

Jié, ;ji—dr=—kT [, =~kr(u - 1), _,) [50]
a-aTlieq rea-A

We assumed the energy barrier to be narrow and high. Then the normal flux through the barrier
does not depend on the position (only a negligible fraction of the flux entering the basrier will be
transported tangentially in the barrier or will be "used" to alter the chemical part of the
electrochemical potential in the barrier in an alternating field at moderate frequencies) and can be
taken out of the integration. The major contribution to the integral on the left-hand side in Eq.
[50] stems from the small interval containing the barrier. There the equilibrium number density is
small which yields a huge integrand. This is why the positions (a— A) and a do not have to be
specified more precisely.

In this picture the major jump in electrochemical potential is in the barrier. The electrochemical
potentials throughout the Stern and diffuse layers both are approximately constant in radial
direction but in general not equal. Transport through the barrier is driven by the difference in
electrochemical potential. By defining the effective transfer coefficient &, Eq. [50] can be

written in the form:
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3 = ~ KT 't fon
Ty & =ony (Bl -6, s) @l =47 | f—m;—dr I51]
i a-adi Tteq

The Stern layer is considered to be thin. This means that the electric potential in the bound layer
is equal to the potential in the inner part of the diffuse layer adjacent to the surface, i.e., the

potential terms in Eq. [51] cancel:
— } (52
a—A

J g = “kT[,ﬁ
T

al | n

i,eq

Because the electrochemical potential and the electric potential in the Stern layer are constant, the
chemical part of the electrochemical potential is also constant which implies:

| J&i,-dr .
ﬁi = constant = o =3 = 61:‘ [53]
ni,ﬂq a—A ni,eq |a—A Inj,eqdr i.eq

s

Substituting this expression in Eq. [52] and noting that J,-d 5 = —J; yields:

Jaos - e KT s On; - 6Lfs [54]
] [N
nfeq 'wi2 ’ Hieq a l'feq

6.3. Comparison of the two adsorption models

An interesting case occurs in the situation where a small fraction of the surface sites is occupied.
Then the term between square brackets in Eq. [46] is close to 1 and the normal flux in both
models can be written in the form:

. Y
JES = Lr‘feq O ‘ST! [55]
TiL Bieg|, Lieq
with, in case of the surface site model (Eq.[46]): . k; 4 (in reciprocal units of time)
Tl
. . 1 ng kT . . . .
and in case of the average potential model (Eq.[54]) —— = ——— (in reciprocal units of time)
Tl n,eq a;

More complex medels can be developed but are not the object of study in this anatysis. Eq. [35]
is simple but bears the physics of retarded exchange in it and will be used in the integrated flux
balance previously deduced.

4 Stern layer capacities are not taken into account. This can easily be done but would add a lot of parameters.
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7. THE POLARIZATION PARAMETER dw AND THE LOW-FREQUENCY DIELECTRIC
RESPONSE

By substituting the explicit form for Jf”s (Eq. [55]) in the integrated flux balance [38] and

carrying out the integration we obtain:

5
iwsris + Qkf?; [21-. 6Wsr;seq aps]_ —r;seq(aﬂlfl - &V f:.r ] =0 [56]
T Leq

Solving for oI} yields:

“Lep
P ) 7 sl ¥ s+_'i_rfia.f [571
’ 1+iwz; 7, L+imr;,

In this expression we recognised the relaxation times 7; , introduced previously:
L1, L 5]
T Ty Tl Tap 4
In the absence of normal exchange (T; ) = o) the second term on the right-hand side of Eq.
(57] disappears and the interaction between the two layers is completely of an electric nature,
1.e., perturbations in Stern layer charge are generated by perturbations in the local potential (Eq.
[571). Vice versa, the Stern potential * depends on B (Eq. [34]) which, in turn, depends on the
perturbations in the Stern layer via condition [36]. At low frequencies, perturbations in the Stern-
layer charge are in phase with the driving perturbations in the potential. At frequencies around
1/t; ; dispersion occurs. Now ion redistribution lags behind the local electric field, At much
higher frequencies perturbations in charge are 90 degrees in phase behind as compared to the
perturbations in the focal potential and almost zero in amplitude, i.e., the ion distribution cannot
follow the field.
If normal exchange is possible, the electrochemical potential of the diffuse layer appears in Eq.
[57]. The totai relaxation time T; can now be seen as the effective time of the two processes
occurring in parallel. The smallest time is the most important for the resulting 7; and for the
frequency where the extra dispersion is to be expected.
From the combination of Eqs. [34], [36], [37] and [57] we obtain B*", i.e. B in this situation of
“charge regulation™

LW B! s Oleg_zelsr | Gien g0 T
2 dr n ~1+i0r; kT i +ior; (1

2
gcod Weq _ Z o.is.eq zie dl’,‘fgq
dr? ~1+i@r; kT | dr

B =

[59]

a
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Substituting B“" in Eq. [35] gives us the accumulation of ions in the diffuse layer expressed in
far-fields evaluated at r=a.

The fluxes of ions exchanging from the Stern layer to the neighbouring diffuse layer can be
found in a similar way. Using the integrated flux balance for the Stern layer [38] and Eq. [57] we
obtain:

. rs ez,
o FLr (—'an'- “Loy* +(1+i0r; , )6 ) 60
l Tty 1+Hi@7; YO v ( ! :,11)511, L [60]

Equation [34] relates the Stern potential to the far fields evaluated at r = a:

dy
Sy* =éu| + i

B [61]

Substitution of this expression in Eq. [60] and using [59] yields the required relation between the
exchanging fluxes and the far fields evaluated at the surface. It is interesting to formulate the
conditions under which the Stern layer is in thermodynamic equilibriom with the adjacent diffuse
layer, i.e., &uj= é'uf'a. It follows immediately from Eq. [57] and
ou; = 8I7 I T}, +z;e0y" / kT that equilibrium is maintained under the conditions:

l.l"fi >>@ and TJ' /TI,J. =1 [62]

which are equivalent to

Uty >>w and 7, /7T, <<] [63]

In this respect, Razilov's single condition 1/t, >>a (15,16) is not sufficient to ensure local
equilibrium between the layers.
An interesting situation is the entering flux in the zero frequency limit. Then, Bq. {60] reduces to:
dos| T M s sy

JI Imi Lo - T azﬁs ieq Ju'r a [64]
which indicates that, compared to the diffuse layer, the electrochemical potential in the Stern layer
is lower by a factor 7;/7; ; . This result will be used in section 8.
The charges and the potentials in the equation for B" are related. We choose to express B” in
the potentials. With the definition of the Stern charge fractions £2;

s -4y
Oog =543 07 0 =42 d—:" (65)
i I
and the diffuse double-layer expressions for flat plates
d'r'feq kT . zey,
—8 = 27 xsinh| —£ |, z=|g 66
o 2 S z=|z] [66]
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d? d
# = Exz sinh 2eVeq B Ve cosh Ve [67]
dr ze kT dr 2kT

substituted in Eq. [59] we obtain:

1 &n’ £, ze T

Ao B L L BT TV f
1 2 n~ (zl."lﬂanf kTJ v [Elﬂm e )
K 26V oy kr 2, ze]. Wy
h| =22 |+2== L% \sinh
cos ( UT )+ ze [zi"lﬂcm:,- kT]Sm ( UT ] ‘ [68]
a

1
;[&fB" + 507 B? + ZB,-“:S;:{}

i

BC!" =

where J; is the non-dimensional jon density, #; =n;/n;, and ¢ is the non-dimensional
potential, ¢ = ey /kT. The functions B*, B®, and B! are explicitly given in the appendix.
Note that l;/eqla = lyo is the equilibrium surface potential. The extra contributions expressed in
the far fields evaluated at the surface read:

iwsI® = iw%(—KBN[cxp(—z,-e wO kD)~ 1]+ & [exp(~z,ey” 1 20T) - 1])|a - [69]

. (1] oo
Ji= = T A0 sinh(zey’ 124T) nx{ 701

/
7 Tt i (2:(8" sinh(z;ey” /2kT) + &/ ]ia) + 6&}
il 1Wt;

Tig

These adaptations will be implemented in Fixman's boundary condition (1). For the sake of
clarity we shall follow Fixman's notation in non-dimensional operators and fields

R=xr, Vp=x7V, EO—WEO [71]

The modified non-dimensional boundary conditions are given by:

abu! 2
/ R=xa

R=Kka

S foerd  daSY_
T (iwor + 717%)=0 [72]

The functions A; were calculated by Fixman (1} and are given in the appendix. The extra
contributions in equations [69] and [70] that are explicit in 5#{ are now implemented in A; to
form Aj. Furthermore, the extra contributions explicit in &' and 5qof are collected in the
functions D and DY, respectively. We obtain:

=0 [73]

R=Kxu

95[.! ‘ 1 hey f ,
- Dot + DPSp” +2% ALdu!
aR l.R=iﬂ2 (m)z [ ; o

The far-field equations in non-dimensional form read:
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Vion! = 12enf [74]

Vide/ = [z 22T [75]
" NP
A={1 76
(1+1) 2UTx? 76}
with the non-dimensional solutions:

-1 ~ -

onl =-d,E, —R—2(1 + H.R) exp(—/lR) cos@ [77]
. d,(xa)E o
Sp! = [—E()R +— (K;lg} ¢ ]Cose + —f—/z St [78]
fDO

Applying the inner boundary conditions to these expressions yields the polarization parameter:

v N, - NpH,

where
H; =;<%{2+2x+x2)[l+zi ?]4— (:;)Z){Df‘ ff Tl Df +22A,{ J;EJ} [801
N =—22,~—${Df +2§A,;-zj} [81]
3 =zigé{pf +z;A;jzj} [82]

The complex conductivity K of a system is defined by
{=KE [83]

where i is the (macroscopic) electric current density. K can be decomposed into its real and
imaginary components:

K(p,0) = K(¢,0) +i0eqe,(9,0) [84]
Here, ¢ denotes the particle volume fraction. In the absence of particles, K simply reduces to:

K0, =K~ +iwegey = K™ (w) [85]
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where K7 is the de conductivity of the electrolyte solution and g, the relative dielectric
permittivity of the electrolyte solution (=80 for aqueous solutions) which both are independent of
the frequency in the regime of interest (@ << K™ /£y¢;"). For dilute dispersions, K is related to
the electric polarization parameter d,, according to (3,13):

R(p.w)=K" +30d K™ [86]

Hence, by combining Eq. [84] and [86], the experimentally accessible K(¢,@) and £,(¢.®) are
expressed in terms of du, which, in turn, is related to the polarization processes in the double
layer.

Increments are defined as the deviations from the bulk values:

AK(p,0) = K(9,w)- K™ (87]

Ae (9. =¢,(p.0)— ¢, [88]

In dielectric studies often increments due to changes in frequency are considered. The
conductivity relative to the same at a reference frequency ®pp g much smaller than ! is

defined as:

AmK(¢!w) = K(¢,ﬂ‘)) - K(¢s wref,K) [89]

and the permittivity relative to the value at a reference frequency @, , much larger than Tt

Aa)£r(¢1m) = 8r(¢’ CU) - 8r(¢" wref,s) [901

8. LIMITING EXPRESSIONS FOR THE PERMITTIVITY, CONDUCTIVITY AND DC
PARTICLE MOBILITY

The polarization of the Stemn layer is described by rather untransparant complex functions. In this
seclion we present simple approximate expressions for some important situations. We consider a
surface with fixed surface charge density. The countercharge is distributed over the Stern layer
and the diffuse layer. Lateral mobilities of Stern ions need not be identical to those in the bulk.
For the diffuse part the mobilities of cations and anions are assumed identical, and equal to their
values in bulk. Furthermore, we assume that the boundary of the Stern layer coincides with the
slip plane. Hence, y° =¢.

In section 7 it was concluded that the contribution of the Stern layer to the surface conductivity in
the low-frequency limit is the fraction 7;/7; | of the value of a Stern layer in local equilibrium
with the neighbouring diffuse layer. Hence the approximate expressions for the static
conductivity derived in our previous study (8) can be adapted in a very simple manner:

1 3 Du
K =K K=l —— > ——2 1
@0 3¢ { 2+41+Du2] o1l
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where the relative surface conductivity Du, is given by (8):
2
Duy = E(] +3my 125 + (5311, )O Jlexpl(-z,e4 1 26T) - 1] [92]

Here, @, =(c5/f5)0$ 1) where of is the contribution of the counterions to the
countercharge in the diffuse layer. This limiting expression can also be found after some algebra
from the results obtained in this study under the appropriate assumptions (8). The subscript "2"

refers to the counterions.

The limiting high-frequency conductivity is derived from the results obtained in this study under

equivalent assumptions:

1 3 Du
K@ot>>D=K" +30K™| ——+= 2 93
@ ) ¢ {2 42+Du;_] 531

where Duj is now given by:
Dy = _KZE(I +3my/ z% +6, )[exp(—zzeé' 12kT)y~ 1] [94]

Hence, K(¢,@t >> 1} is completely independent of the extent of exchange. Even if exchange is
impossible (T, | =oo) the Stern layer completely contributes to the surface conductivity Du;.
This is because a complete ion redistribution in the Stern layer, and consequently stagnation in
ion movement, cannot occur at these high frequencies. Note that the limiting conductivity
increment A K{$,@T >> 1) = K(¢,wt >>1)- K(¢p,wt 1 0) is of course depending on Ty/ Ty .
The particle mobility can be described by the approximate equation given by e.g. OBrien and
Hunter (17,18):

yzﬂdf_bﬁ_ 2In2 el [95]
kT kT 1+Du, | -z kT

The Du, appearing in this expression is given by Eq. [92]. The particle mobility is more retarded
for higher surface conduction, e.g., due to a more easy exchange (7,/7, | closer to unity).
Finding equations for the static permittivity increment is not difficult but rather elaborate. For the
situation of no exchange (7,/7, | =0) we collected the terms in d,, which are proportional to
itw at low frequencies and, after neglect of the unimportant terms as discussed above, obtained

2
Aye(parl0) = 2 s?(m)zo{ﬂ] +

16 I+Du2
k3
9 262, % sinh(z¢°) , oy b
e Z
tgEr g (HD )
Y]

5
cosh(zp® /2) + 282, “sinh{z¢° /2)
Z
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Figure 1. (a) Permittivity and (b) conductivity increment of a dilute dispersion. The
particle surface charge density is fixed and no Stern layer is present. Calculations
according to Fixman (1) and to our Dynamic Stern-layer model (DS) for various & -
potentials (indicated).

The first term on the right-hand side is the classical diffuse double-layer contribution (8). The
second term is the contribution due to polarization of the Stern layer. It becomes negligibly smail
at higher surface potentials where Du, >> O(1). In the sitnation of no exchange, ions in the
Stern layer may be of a different type than the ions of the suspending electrolyte giving rise to the
coefficients z° /z. For the case of adsorption of suspending electrolyte where 17°/z1=1, Eq.
[96] reduces to the one derived by Razilov et al. (9,10).

9. RESULTS AND DISCUSSION

In order to illustrate the dynamic Stern-layer model as developed above, we here present results
for some interesting situations. All calculations are performed for particles with radius
a =250 nm and relatively thin double layers (xa = 30) suspended in an aqueous KCl-solution
(ionic strength approximately 1 mM) for which the ions have identical mobilities. Furthermore,
we assumned that the shear plane coincides with the particle surface. Hence, WO ={. Tons which
have a sign equal to the one of { are referred to as the co-ions. The counterions have opposite
sign.

The dielectric increment and the conductivity increment are depicted for various surface potentials
in Fig. 1. Tons on the surface and in the Stern layer are considered immobile (no tangential
motion, no exchange). For this situation the results given by Fixman's theory do not diverge
significantly from our dynamic Stern-layer model (DS). Under the restriction of a constant
surface charge density, the accumulations of {both type) ions in the diffuse part of the doubie
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Figure 2. (a) Permittivity and (b} conductivity increment according to our D§-model for
¢ =4. Haif of the immobile surface charge is screened by mobile charge in the Stern
layer {(£2, = -1, £, = ). The mobility in the Stern layer is varied between the bulk value
(f*=f")and zero ( f* = ).

layer are small but not exactly zero and this results in the small differences obtained (see Eq.
{69}).

Fig. 2 shows the dielectric increment and the conductivity increment for 5 =el/kT = 4. Half of
the immobile surface charge is screened by the mobile Stern-layer charge (£2, = -1, £, =0).
Tons in the Stern layer are unable to exchange with the neighbouring diffuse layer. An extra
dispersion occurs at the frequency where ion movement in the Stern layer is just able to
significantly polarize the Stern layer. With decreasing mobility in the Stern layer this dispersion
is shifted to lower frequencies. The mobility was decreased in steps of a factor of 10 starting
with the bulk mobility. Accordingly, the dispersion frequency shifts downwards by the same
factor. At low frequencies (@7; ; <<1) the polarization of the Stern layer is relaxed and
independent of the Stern-ion mobility. The currents responsible for the accumulations
(proportional to the time derivative of the accumulation) are out of phase and contribute to the
observable macroscopic current density as an i@-term. Hence the response near zero frequency
is independent of the mobility in the Stern layer. This is shown by Fig. 2 as well as by
expression [96]. The asymptotic conductivity increment A,K/ K™ (w >> 7,7;} reduces to the
increment of solely the diffuse layer for low Stern-layer mobilities (see also Eqgs. {91] and [92]).
‘We note that identical results are obtained for the situation where the surface charge is absent
(£2,=0, Q =1, [ =-4).

In order to investigate the influence of the surface potential on the dispersion we depict in Fig. 3
the permittivity increments for the previously chosen charge distribution ({2, =1, £2; =0) but
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Fignre 3. Permittivity increment according to our DS-model for various ¢ -
potentials. Half of the immobile surface charge is screened by mobile charge in the
Stern layer (£2, = —1, £2; = 0). The response for every ¢ -potential is calculated for
situations where the ions in the Stern layer are immobile or have the bulk mobility.

now as a function of the surface potential. Ions in the Stern layer are considered as mobile as in
the bulk. At low {-potentials the Stern-layer response prevails over the diffuse-layer response.
With increasing {-potentials the Stern-layer contribution decreases and eventually only the
diffuse-Jayer dispersion remains. This behaviour is in line with Eq. {96).

In Fig. 4 we plot the zero-frequency limit of the dielectric increment as a function of the ¢-
potential according to different theories. Half of the immobile surface charge is screened by the
mobile Stern-layer charge (£2, =—1, £ =0). For low {-potentials the results according to
Lyklema et al. (6} are identical to those of Razilov et al. (9,10) and our DS-model. When
concentration polarization of the diffuse layer sets in ( Du, = O(1)), deviations appear. The
occurrence of concentration polarization reduces the extra response. Some of the aspects of the
situations shown in the figures 2, 3 and 4 were already investigated by Razilov et al. (9,10). We
basically find the same characteristics in these situations.

Figure 5 depicts the dielectric response in the situation of a Stern layer in local equilibrium (free
exchange) with the diffuse layer in comparison with the situation of absence of exchange. The
ions in the Stern layer have no lateral mobility. Half of the immobile surface charge is screened
by the immobile Stern-layer charge (42, =-1, £, =0, ¢ = 6). There is no substantial difference
between the responses in the two situations. The reason for this is that if a counterion adsorbs
from the diffuse layer into the Stern layer to increase the Stern-layer charge locally by z,e, the
non-linear diffuse layer (we suppose IQM' | >> 1) tends to respond by locally loosing a counterion.
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Figure 4. Zero-frequency dielectric increment as a function of the § -potential for
the situation as in Fig. 3 (£2, =-1, £ =0), calculated according to different
theories: Lyklema et al., Razilov et al. (Eq. [96]), and DS. For compariscn, the
data in absence of Stern layer transport (DS ( f* = o)) are also included.

However, this just occurred by the counterion skipping position. Hence the far fields
{concentration and potential) as well as the dielectric dispersion are unaffected.

We have included in Fig. 5 the results of a comparable situation, but now in the absence of
surface charge. Then the Stern layer is occupied by co-ions by definition (§2, =0, =1,
f = —6). In this situation the response is indeed affected by free exchange and it is significantly
higher. The reason for this is that when a co-ion adsorbs from the diffuse layer into the Stern
layer to increase the Stern-layer charge locally by zje, the non-linear diffuse layer prefers to
respond by locally gaining a counterion instead of loosing a co-ion. Hence, via tangential
transport in the diffuse double layer co-operative with normal transport induced by the far fields
both a co-ion and a counterion are delivered locally to the diffuse layer. Hence the far fields are
affected, and so is the dielectric response. In Fig. 5 we have also plotted a situation of retarded
co-ion exchange (7 | /7= 10%). An extra dispersion is obtained around 300 Hz. For frequencies
much higher than 300 Hz, the Stern layer is unabie to respond via normal exchange. Then, the
response is due to the diffuse layer only. For frequencies much lower than 300 Hz, the Stern
layer is able to relax completely via exchange and the permittivity increment is equal to that of
free co-ion exchange. The relaxation frequency depends on 7, ;| but the zero-frequency limit of
the permittivity increment does not.

In Fig. 6 we plot the zero-frequency limit of the dielectric increment in the situation of free
counterion exchange ({2, =-1, £ =0, f =6), and free co-ion exchange (£, =0, &, =1,

{ =—-6) as a function of the ratio £/ f’, i.e., the ratio between the mobility in the Stern layer
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Figure 5. Dielectric increment according to our DS-model for three different Stern
layers. The ions in the Stern layer have no lateral mobility in any of the three
situations. 1) Free counterion exchange: the Stern layer is in local equilibrium (free
exchange) with the diffuse layer, Half of the immeobile surface charge is screened
by the immobile charge in the Stern layer (2, =—1, £, =0, { =6). 2) Free co-
ion exchange: a situation comparable to the previous one, but now in the absence of
surface charge (£2, =0, 2, =1, { =-6). 3) Retarded co-ion exchange ({2, =0,
2,=1, {=-6, T /T= 10%). Here, an extra dispersion is obtained.

and the mobility in the bulk. In the case of counterion exchange, Kijlstra et al's model for a Stern
layer in equilibrium with the diffuse layer (4) is in good agreement with our dynamic Stern-layer
model. Then at £5°/ ff =0 only the diffuse layer contributes to the dielectric increment. With
increasing f,°/ ;' the counterions in the Stern layer increasingly contribute. The Stern layer is
polarized by concentration polarization which can be described by the classical concentration-
polarization theory for polarization of the complete double layer. In the case of co-ion exchange,
results are different. At £,/ £;’ =1, co-ions and counterions in the double layer are individually
responsible for (nearly) half the conductivity in the {(complete) double layer as well as in the bulk.
Hence, concentration polarization is (nearly) absent and the permittivity increment is small. The
classical theory for polarization of the complete double layer due to concentration polarization is
not suitable for co-ion exchange as shown by the discrepancy in Kijlstra's results.

The main interest of this study is the situation of ions in the Stern layer which are mobile and able
to exchange retardedly with the adjacent diffuse layer. The permittivity increment for retarded
counterion exchange for the situation £2, = -1, £, =0, f =4 is presented in Fig. 7. Ions in the
Stern layer are chosen to be 1000 times less mobile than in the bulk. In Fig. 2a we showed this
situation for complete absence of exchange. Here, we varied 7, | /7, ;; hetween oo and O as
indicated. Typically around 7, , /T, =1 the dielectric increment changes from the increment in

113




CHAPTER 7

410* —
rrrrrrrr Kijlstra

DS

)

—

o=
S
]

counterion exchange

r

10

A € (@=0)/p
%]
£

co-ion exchange L

—
p—
<
S
L

Figure 6. Zero-frequency limit of the dielectric increment as a function of the ratio
£ 1 7 for free counterion exchange {2, = -1, £ =0, { = 6) and for free co-ion
exchange (£, =0, =1, {=-6). Calculations according to Kijlstra are
included for comparison.

the situation of no exchange to the classical situation of the complete double layer in local
equilibrium. Since ions in the Stern layer have a very low mobility compared to ions in the
diffuse layer, the dielectric increment of the complete double layer in equilibrium (free exchange)
is {almost) fully determined by the diffuse layer. Furthermore, the conductivity increment is
insensitive to processes in the Stern layer due to the low Stern-layer ion mobility. This
immediately follows from Eqs. [93] and [94].

10. CONCLUSIONS

We were able to incorporate the influence of a dynamic Stern Jayer in Fixman's boundary
conditions and have investigated its effect on the complex conductivity of a dilute dispersion in
the low-frequency regime, and on the particle dc mobility. In the limiting situations of no
exchange or free exchange of counterions, the results generated by our dynamic Stern-layer
model are in agreement with those of existing theories.

The intermediate situation of retarded exchange was investigated. Transitions between the
situations of complete absence of exchange and completely free exchange typically occurred
around T, /T, =0O(1).

The dc particle mobility can only be retarded by lateral mobile charge inside the Stern layer if this
charge is able to leave the Stern layer. The extent to which the Stern charge contributes to the
surface conduction and retardation of the particle mobility depends on the ratio 7, /7.
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Figure 7. Permittivity and conductivity increments for retarded counterion
exchange in the situation £; =-1, £, =0, { =4. Ions in the Stern layer are
chosen to be 1000 times less mobile than those in the butk { f°/ £~ =107"). The
ratio 7, | /T, ;, was varied between = and 0.

This dynamic Stern layer model may be helpful in explaining the extremnely high dielectric
response {19,20), extra dispersions, or dispersion frequencies which differ from the theoretical
values (21,22). Information on the dynamics of charge redistribution in the Stern layer,
important in modem stability theories, is in principle accessible by LFDD experiments.

APPENDIX

Dl =2 i~ {B"(—[exp(—z,.ga") —1]+ 2;sinh(z," /2)) +{exp(-z4°/2)- 1] + M,.} [A.1]

fﬂo
Df =22 fi;usﬁ"{_[exp(—z,.;oo) ~ 1]+ 2M,sinh(z0° 1 2)} [A.2]
-
. 0
Ma‘ :4[){..&5’.@%@ [A.3]
TE,J. 1+EI"
1 1 £z 1 0. T;
Bk= s B‘P=_ f B ] s Bﬂ=_____ J _J A4
2Den Deﬂ;l‘}‘%x? I Den 1+%x}2- i1 [A.4]
Den = cosh(zg®/2)+ 2 ¥ Q"l""iz sinh(zg?/2) [A.5]
AN 1+5Ii
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A=A+ Gy [A.6]
1 .DO . .oo
Gij = Exz %Bf {—[exp(—z,-t;oo) - ]] +2M,; Sll‘lh(Z,'(PO /2)} + 6U % M, [A.7]
8;=0ifizj, &;=1 [A.8]
o _fed .
x=(Q+ivor, T= T x; =(I+1),fayr,- [A.9]
The expressions for Ay read:
_gdg _m
Ay =118~ ?2‘ I [A.10]
where
I =4k, /14 K) [A.11]
28°KT
L A2
30t [A.12]
I, =-8I(1-K}) if =, I; =16]K,(1+K;)~In(1+K,)] [A.13]
K, = tanh(z;{ /4) [A.14]
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Chapter 8

SURFACE CHARGE RELAXATION IN
PARTICLE COAGULATION

Abstract. The stability of colloids was connected to the rate at which the surface charge on the
particles relaxes towards equilibrium. Since more than one surface charge relaxation mechanism
(desorption and surface migration) occurs simuitaneously, the faster of the two dominates the
extent of disequilibration during particle interaction. Only small disequilibrations are dealt with.
Furthermore, a first attemnpt is made (o generalize by taking into account all possible trajectories
leading to particle-particle contact. This is necessary for the study of coagulation under
conditions far from equilibrium (in between constant potential and constant charge) where the
exient of disequilibration is large. This situation can be approached via extension of the diffusion
equation in that not only the positions of the particles but also their surface charge densities are
followed during particle interaction. Near equilibrium, the equations could be solved analytically.
The resvlts slightly diverge from existing theories. Far from equilibrium these equations have to
be solved numerically.

In this paper, a link is made between stability against coagulation and dielectric spectroscopic
properties.
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1. INTRODUCTION

Conservation of the probability P(r) of locating a second patticie at separation r relative to a test
particle implies {1)

S 4+V.PP,=0 {1

where ¥, is the velocity of the second particle relative to the test particle and 7 is the time. After a
short period, coagulation is steady which implies dP/dr =0. The flux J of a particle is given
by:

J=Py, [2]
Both the Brownian motion and the interparticle force F contribute to the motion:
7, = (~kT VIn P+ F) 13
fhyd

where f,.; =6nna is the Stokes friction coefficient, &7 is the thermal energy and 7 is the
viscosity of the solvent. The particles are assumed to be spherical (radius a). Hydrodynamic
interactions are ignored. Under non-equilibrium conditions, the force consists of a conservative
interparticle part F,,_, and a non-conservative dynamic part, F&y,,:

F= Jf;‘.;:cm + ‘dyn [4]

The conservative force can be written as the gradient of a potential function F,,, = -VV_ .. If we
suppose that transient deviations from equilibrium in the surface charge density are smail
{f’dy,, = 8F'), the dynamic force is small and proportional to the particle velocity:

OF =& 7, [5]
where & is the dynamic friction coefficient. Solving Egs. [3]-[5] for ¥, yields
1 - -
V,=————(—kTVInP+F,) [6]
d fhyd + ‘Sf

This expression is equivalent to [3] with 1/(fj, + &) replacing 1/ f,,, and F=F,,. The
colloidal stability ratio W is now given by (2)

W =2a[(1+ &) fiya)expVoon(r) KDdr /7 [7]
2

where r is the distance between the centres of the particles. Usually V() has a pronounced
maximum and the integration is dominated by the exponent in a small region for which §(r) is

nearly constant. We may write:
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W=2a(l+ :‘Y/fhyd)fexpﬂ/cm(r)lkT)dr/ r? [8]
2
where & must be evaluated at the position for which V,, (7} attains its maximum. This is
typically at separations r = 2a + O(K'_l ).
There is another way of looking at this problem close to equilibrium. We may expand 8F in
terms of &

B = 2
OF = "'(y vp,eq + O(éf ) [9]
where v, . = fﬂq /F,, is the velocity under “equilibrivm conditions" (& =0). Note that
Tp = Pp,eq + O(F). Substitution of Eq. [9] in [3] yields:
By = (AT VNP + By~ & 5,00) + O [10]
hyd
Since § ¥, ., is a function of the interparticle distance only, it can also be written as the gradient

of a potential. Hence, diffusion under near-equilibriurn conditions may be interpreted as
diffusion in a modified conservative force field E,,, — & Vp.eq- The two views are equivalent in
the limit of small &f.

Dukhin and Lyklema (3,4) have investigated the effect of small transient deviations from the
equilibrium double layer structure due to retarded desorption of charge-determining ions or
transport of these ions along the surface away from the interaction area. They showed that the
diffuse part of the double layer usually relaxes fast and therefore maintains a2 Boltzmann
distribution.

Kijlstra et al. (5) proposed an electrodynamic approach applicable to large disequilibrations of
charge-determining ion distributions. As can be shown easily, Kijlstra's procedure reduces to
diffusion in a modified force field in the limit of small disequilibration. Hence, the method of
Kijlstra et al. (5) and Dukhin and Lyklema (3,4) are similar in this limit. Additionally, Kijlstra et
al.'s model generates interaction at constant charge in the limit of very slow relaxation of surface
charge. This is in contradiction to Dukhin and Lyklema's theory which does not work in this
limit (an infinite repulsion is generated in this limit). In two more recent papers, Shulepov et al.
(6,7) applied Kijlstra's procedure to interacting particles which exhibit more complicated
mechanisms of surface charge relaxation.

Kijlstra's electrodynamic theory generates interaction at constant potential and constant charge in
the limits of fast and slow charge relaxation, respectively. However, for the interesting
intermediate situations Kijlstra's procedure has its limitations. In this regime, the surface charge
is extremely sensitive to the trajectory followed by the particles from just beyond the interaction
zone (at separations of a few times K'i) to their actual position of interaction (8). Therefore,

particles situated at a certain specified separation may have varicus surface charge densities.
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Kijlstra ascribed an average surface charge density to all particles at separation r. However, in
order to find the total rate of coagulation, one has to consider the complete distribution of surface
charge densities and associated distribution of interaction forces at every separation.

The goals of this chapter are twofold. (i) In a previous study (9), we have related the low-
frequency dielectric dispersion (LFDD) to the rates at which surface charge is able to desorb from
a surface, or to migrate along it. Since these mechanisms also determine the extent of
disequilibration of the surface during particle-particle interaction, we will express stability in
terms of the parameters introduced previously (9). Hence, our first goal is to link LEDD and sol
stability against coagulation. In this part of the work, we will restrict ourselves to interaction
close to equilibrium.

(it) Our second goal is to make an attempt in dealing with non-equilibrium interaction by
following the complete distributions of particles with all possible surface-charge densities during
interaction.

2. THEORY

2.1. Coagulation near equilibrium

In this paragraph we will relate the stability ratio W to the rates at which surface charge is able to
leave the interaction area by means of desorption from the surface, or migration along it. These
mechanisms were introduced previously (9). It is presumed that the diffuse part of the double
layer is able to adjust rapidly and that therefore it is always in equilibrium during interaction. We
study the situation where the double layer is relatively thin (ka >> 1). Low surface potentials are
considered which allows us to work in the Debye-Hiickel approximation. Furthermore,
disequilibration is considered small which reduces the problem to finding the corrected friction
coefficient.

Let us start by introducing the concepts involved with the more simple case of two interacting
flatspots instead of two spheres. In general we may write for the Gibbs energy per unit surface
area, (,(r.0), of the two-plate system area around equilibrium:

Gy(r.o) =G, (N + S_’A(’)(G - O'eq(r))z ]

where &, is the equilibrium charge density at separation r, g,(r) is a function of the plate
separation r, reflecting the width of the energy minimum around the equilibrium charge.
Paramelers given per unit surface area are referred to with subscript "A". Surface charge

relaxation can be described by the phenomenological relation
6 _ 1 dG,(r,0) 2 _

_ 1o __ 2 - 12
d fs do ngA(cr Teq) 2l
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RELAXATION IN COAGULATION

where the generalized friction coefficient f; describes the rate at which surface charge relaxes. If

the two surfaces approach each other at net velocity v, Eq. [12] can be written as:

do 2
—v=——gF,(0-0 13
o A A eq) [13]

For low velocities, perturbations in the surface charge are sinall and the charge on the plates

nearly follows the equilibrium value:

do do

=—* .0 14
3 dr (v) [14]
Hence,
do, 2 _
Tf—w—ggﬂ(a—oeq)w(vz) [15]
or
do
G:aeq—d—:;;?iv+0(v2) [16]

We note that the perturbation in the surface charge density is proportional to the change of charge
density, de,,, in an approaching step dr. Fast relaxation (low f) results in small perturbations
in charge density. Furthermore, the broader the energy minimum (the smaller g, ), the larger the
perturbation in & is. The perturbation is only determined by the distance r. In this limit of low
fo v surfaces a distance r apart have already "forgotten” what the charge on the plates was at
separation r + Ar. In this situation the memory is negligibly short.

The perturbation in the force per unit surface area is given by:

aG |U dGA & dE 2 dGe i
OF, =——4| =-| 24, 24(5-g, Y -28,(0~0, )—* 17
sl ( bl CEL M ACEL e [17]
eq UE-?
For the force between the two plates per unit surface area we find
8F, = —f5(d0, [dr)’ v+ O(W?) [18]

The dynamic force acts like a friction force inhibiting the displacement. The dynamic friction

coefficient per unit surface area is given by,

&, = f5(do,, [dr? +O(v) [19]
We note that 8F, = O(v) while G, = O(v?). All the extra work performed by bringing the
plates together with velocity v does not contribute to the Gibbs energy of the two-plate system. It

is dissipated immediately as heat which emphasises the purely frictional, and hence, non-
conservalive nature of the dynamic force in this near-equilibrium limit.
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Figure 1. Geometrical parameters.

Now let us continue with spherical particles. In Fig. 1 the geometrical parameters are defined.
The distance between the centres of the spheres is referred to by » and £ is the distance between
the surfaces at a certain angle 8. As shown previously (9), conservation of ions within the
surface layer (or Stern layer) is described by:

ars kT

FS 2 s _ 7 rs 6
x f 1ot i [20]

where I'* is the amount of ions in the surface layer per unit surface area, f° is the friction
coefficient of these ions for lateral movement, du° is the perturbation in the non-dimensional
electrochemical potential in the surface layer and 7, is the characteristic time for desorption.
Since 8u° as well as V 8u* characteristically decay over a distance along the surface for which
the separation & has increased by an amount x~!, we approximate VZ6u® by —(x/a) s,
Furthermore, JI'/ o =dTI,, /dr v. Hence,

vl L s on?) [21]
F:q dr Tint

where
1 1 1 1 kT

! = —1 ¢5
Tt Timw TL Tinge  aK  f

[22]

Tint.» 18 the characteristic time for ions to diffuse along the surface out of the interaction area,
i.c., over a distance of the order +/a/x. In the theory for the LFDD, the characteristic time 7,
for diffusion along the surface over distances of the order a is important. We note that
Tisw = Tyl KA.

In the surface layer the perturbation in electrochemical potential is related to the perturbation in
the electric potential and the perturbation in adsorption

5 = L gy +. 5T
T

[23]

and in the low surface-potential limit (| zeyr, /KT 1< 1):
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s zedl”

= [24]
extanh{xh/2)

Furthermore, under equilibrium conditions the surface potential and the adsorption are related
according to (9):

Inl,, + —weq = constant [25]

Combining Eqgs. [21], [23]-[25]yields:

2680 =86 = =0, Ty -2 WVeq / { il +1] [26]

kT dr [ | exdT tanh(xh/2)

The friction coefficient has to be evaluated at a separation for which G attains its maximum, i.e.,
typically at separation r = O(x") (10). Since at this separation qtfeq O{yleq )y Oup =0(04)
and dy, eq/ dr=0(- t,!/ ~K), where the additional superscript "eo" refers to the valuc at infinite
separation, we estimate:

b0 = O(oeq'rm,v r,ueq K) [27
The perturbation in force per unit surface area is proportional to the perfurbation in surface charge
density (see appendix A):

i (r,0,,)
or

OF(r)y=— 66 = O(—y,"kd0) : [28]

Since the interaction area is O(a/x) the perturbation in force between the spheres, 6F, is related
to the force per unit surface area according to

8F(ry= O{6F,(Nalx) [29]

Combination of Egs. [27]-[29] yields:
& =—8Fiv= o(ri,,,c,,q(wgq P ) [30]

The stability ratio under non-equilibrium conditions, W, is related to the stability ratio in the
situation of instantaneous surface relaxation, W :

oo, 2 €
WiW, =1+ O(r,-ma o) —m/ﬁxna) (31]
Since surface charge relaxation via desorption and surface migration occur simultaneously, the
faster of the two mechanisms determines the extent of disequilibration and the corresponding

deviation in stability compared to the stability in the case of infinitely fast adjustment. From [31]
we can formulate the dynamic condition for which constant-potential interaction will occur:

125




CHAPTER 8

Tipy << O7kTTY/ Z0CT q{W:.}“)ZK, which allows a direct comparison between the characteristic
time constants of the relaxation process and the equilibrium double-layer parameters wj;;’ and
k. The rate parameters of the pertinent relaxation processes can be inferred from dielectric
spectroscopy (9).

2.2, Arbitrary departures from equilibrium; all possible trajectories considered
In the limiting situations of interaction at equilibrium (constant electrochemical potential) and
interaction without charge relaxation (constant charge ), the surface charge density is independent
of the trajectories made by the particles. In the former case of complete relaxation, the actual
separation determines the surface charge and the electric force originating from double-layer
overlap. In the two limits the interparticle force is conservative and the stability ratio is
straightforwardly related to this force, as shown by Smoluchowski (11,12) and Fuchs (13). In
the intermediate situation, which generally involves large deviations from equilibrium (8), the
surface charge and the interparticle electric force are functions of the trajectories. The interparticle
force is non-conservative and hence the classical approach of Smoluchowski and Fuchs cannot
be applied. Particles separated by a certain distance may exhibit a charge density somewhere
between the value of a completely relaxed surface and the equilibrium density at infinite
separation. The charge distribution is the result of the possibie trajectories of the particle. Hence,
the interparticle force is not only determined by the separation, but also by the charge density. A
theory is needed which keeps track of both parameters during interaction. We model the
interaction between the spherical particles as the interaction between two interacting flatspots,
located on spheres, with characteristic area A. We introduce a new probability density P(r,ojr)
of locating at time ¢ the second flatspot with surface charge density ¢ at separation r-2a (r is the
centre to centre distance) . The interparticle force is related to the Gibbs energy:

aG(r,0)

F=- 32
Ee (32]
where G = AG,. The flux of a plate in (r,c)-space, J(r,0)), is given by:
. 1 aP . 1 P 36]
J(roh=-——— kT——+P —— kT—+P— 33
(i Juya or [ or ]e, faA[ do  do B3

where ¢, and &, are the unit vectors in #- and o -space, respectively. Surface charge relaxation
is involved in the way, described by Eq. [12]. Furthermore, since thermal motion generates
fluctuations in the charge density, the diffusive (Brownian) term o dP/d¢ is added in such a
way that P ec exp(—G/kT) in equilibrium (see appendix B).

After a short transient, coagulation is steady:

Y #  ,oGY), (1 [ P .
it =l —+P=||=0 34
Vre =3 ar[ f,,yd[kTar &rDJ’ao(ng[kTacJ' aoD (34]
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Thus, the problem has been reduced to a stationary diffusion problem in (r,0)-space. What
remains is the formulation of the boundary conditions. The test particle is taken as a perfect sink:

P{r,o}=0 as r=2a [35]
At large separations the surface is undisturbed and the surface charge attains a Boltzmann
distribution:
G expl-g" (o -0, )/ kT
Py = SRECTRD p(-2 <)/ KT) o 361
[exp(-G™ 1kT)do’ N
T

We may ask ourselves how these equations evolve in the limit of immediate surface-charge
relaxation,
Instantaneous relaxation. In this limit where f; =0, P obeys a Boltzmann distribution in the

o -direction and can generally be written as:

P(r,0) =1, () exp(~G(r,0)/ KT) [37]

where [,.(r) is a function of r only. The fofal flux reaching the test particle is given by:
47&‘ 2 kT

I, = ———(kT——+P——)cxp( G1iTYo" = —4m? KL %ea [ oG rimvde” [38)
4 1 Fhyd or fhyd dr I

Solving for dl,, yields

dl, =~ Jealind dr [39]
4 amikT Iexp(—Gl kTdo’
[+

and, integrating from r=2a to infinity

= Jdl, = lethd [ 4/ 140)
eq eq ;
o Al ;- j exp(-G1 kT Yo
(o)
Solving for J,, yields
I =_‘}"’°T _ ! 1]
hyd [exp(G,, 1KTIE 15" dri
2a
The stability ratio is given by
W=2a j eXp(G,g I KTIWEIE™dr 11 [42)

2
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As long as the width of the energy minimum is independent of the separation (§=2"), the
classical expression for the stability ratio is obtained. However, in general g becomes larger for
decreasing separation which yields deviations from the classical expression. We want to stress
here that the way in which fluctuations are incorporated in Eq. [33] is primitive. There is, e.g.,
no correlation between fluctuations within one flatspot. Furthermore, the fluctuations on both the
flatspots are assumed to be identical which is, of course, nat real. Therefore, the factor 4/~
will not be quantitatively correct. Still, qualitatively interesting phenomena appear due to the
fluctuations in charge. For instance, particles may lose their charge due to thermal fluctuations
and coagulate without further obstructions since an energy barrier is absent then. This route is no
option in the classical theory.

Particle interaction near equilibrium ( f; small).

Near equilibrium we may write

{r,0) =L, (1) +8(r.0) + O(£}) [43]
and
P =I(r,0)exp(~GA/ k) = (L,,(r) + 8(r,0)) exp(~G / KT) + O(f7) [44]
Here the distribution is written as the equilibrium distribution plus an extra perturbation. Under
steady coagulation conditions, & obeys
1 4 [3&

19|, 1
= 8r|: Tt or ( +8l)exp(— G/kT):|+fo—A§- %o XDl G/kT)}O(fa)_o [45]

Small O(f,) termus can be neglected:

10 1 d,, 1 a8 _
2 a{r ?h); - ? exp(— G/kT):{+};~A-3—[—exp( G/kT):I_ f46]

After substitution of Eq. [11], this expression is equivalent to:

dl di daG, do,
LZ d 2 l rz_l_ufi (,ﬁ+£(o_o‘gq)2_2g(o'o' eq )L +
re| dr fhyd dr Siya dr dr dr dr JkT 47

1 [d%a 82& _oa,
fAld6?  do

The above equation has to be solved under the appropriate boundary conditions:

1
2g(c eq)ﬁ}=0

S(r,o}Y=0 as r=2a [48]
Particles far apart are unperturbed:

S(r,e)=0 as r—e [49]

128




RELAXATION IN COAGULATION

No particles enter at, or leave to ¢ = Zoe:
UG - GIKTY >0 as o]~ o (50]
do
This boundary condition is in principle not very important as we will see later. With the help of
Eq. [38] we find

dG,, dg 231, ,
Jexp(—G/kT)( d:q +E§(0_Ge") )Edd

i rz_!__dlﬁ =_ JefZ [4) 5 [51]
darl faa dr 47T

[exp(-G1kr)da’

o

Now, combining the Eqs. [38] and [51] results in:
df 2 | dy )
dr Jiya dr

R Z
Juya dr )| dr dr J.exp(—g_f(o'—oeq) / kT)do" kT
o

I (o- cr,,q)2 exp(v,? (o - creq)2 / kT)do" | [52]

which, after integrating the expression in the numerator by patts, converts into:

4 rZ_I_dIﬁ = ,Z_J_Cﬂﬁ d_@ilJri‘ig__l: [53]
dr\  faa dr Jaya dr dr kT dr2g
Substitution of Eq. [53] in [47] yields a linear inhomogeneous second order differential equation:
1 Ay dg do,, 1
L2 2
Fiva O (dr 2% @’ ) g RO | 4
L 82&_8_&2-(0_6 Lo
1A a0l do BT %
Integrating once yields:
di, o~ do
B _Loh %) RO I, Dt s bmirjexp(g0 -0y ) 155]
96 fuq dr| dr 23 dr i

where dn(r) is an arbitrary function of r. The three contributions can be interpreted in the
following way. The last term on the right-hand side generates a flux in the ¢ -direction which is
independent of the magnitude of . Applying boundary condition [50] yields dn{r)=0.
However, every other value for &n(r) leaves the rate of coagulation unchanged since the rate in
the r-direction is unaltered. The second term yields fluxes that are parallel to the &, curve in

{r,o)-space. If the width of the free-energy minimum de- or increases, additional particles fluxes
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will flow from or towards the equilibrium charge-density value, respectively. This process is
represented by the first term.
Integrating once again yields:
dg (6-0

2
8(r.0) = dn(r) + 124 ey [ _ %), (-
Siyga dr I_ dr 4g

[56]

0-6'
dr
where dn{r) is an arbitrary function of r. All terms except dn(r) satisfy the boundary conditions
{48] and [49] since

dl
deq =0 as r=2a (seeEq.[38]) 71
s
d, do
-4 59, E—)0 and T 50 as r—oo (58]
dr dr dr

This means that dr(r) also has 1o satisfy the boundary conditions [48] and [49]. From hereon we
will assume g to be constant. We may write for the retarded flux:

dl,,
7 =-4m~2k—Tj[ a&]exp( GIkT)do’

fuga L dr  or
a’l
a2 KT ’V L g 4 __‘L(d o 1drtA J.exp(—G/kT)dO" [59]
Juya | dr ar fiya dr o

g2 KT | (g ﬁ) . 2 Y+
=—4dnr fhyd[( 2 T 1 fhyd(doeq/dr) A iexp( GIkT)do’ +O(fy)

Applying the same procedure as before we find

= Jdll+a)=-The [ rir (o
r=2a T\ [] - f—"(doeq / dr)zA]j exp(-G/kT)do’
fhyd [

Hence,

ARKT ., 1

h}’d j dr/r
2al - f—"(dcreq 1dr)* A chp(—G/ kT)do'
Jiyd .

which becomes

4T { [62]

J=-
T _[[l s do (dG,, 1 dr)? A}GXp(Geq IkT)dr! r*
24 hyd
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if small O(f;)-terms are neglected. Hence, the dynamic friction coefficient & is equal to
fa(daeq ! dr)zA as it was already found previously (Eq. [19]).

The two limiting situations we have discussed above are close to equilibrium (small f;). For
situations far from equilibriurm the conservation equation [34] must be solved numerically. We
note that in the interesting far-from-equilibrium regime, the Brownian term kTaP/do may be
neglected compared to the dissipative term PG/ do in Eq. [34]. Of course, boundary condition
[36] then turns into a delta function, P(r,0) = é(c - 0';;) as ¥ — o= This removes the problems
connected with fluctuations in the charge density as observed near equilibrium.

3. CONCLUSIONS AND PERSPECTIVES

Deviations from constant potential behaviour in the stability of colloids were linked to the rate
characteristics of surface charge relaxation. Since surface charge relaxation via desorption and
surface migration occur simultaneously, the faster of the two mechanisms determines the extent
of disequilibration and the corresponding deviation in stability compared to the stability in the
case of infinitely fast adjustment. The rate parameters of the pertinent relaxation processes can be
inferred from dieleciric spectroscopy (9). The direct link between dielectric relaxation data and
surface charge adjustment rates in particle-particle interaction forms an important step in the
development of comprehensive knowledge of the electrodynamics of colloids.

A first attempt to take into account all possible trajectories towards particle contact was made by
generalization of the diffusion equation from r to (r,5)-space. Our theory does not exactly
reduce to existing theories valid in and nearby equilibrium and nearby equilibrium due to
fluctuations in the charge density. To further investigate this aspect and the interesting far-from-
equilibrium regime, it will be necessary to numerically solve the conservation equation in order to
obtain the width of the charge distribution. This should open the way to rigorous estimation of
colloidal stability in the intermediate dynamic regime between constant-potential and constant-

charge interaction.

APPENDIX A

The Gibbs energy per unit surface area of a two-plate system may be written as:

[+2
G,(r,0) = b(0) + [y (6", 1)do” [A.1]
0
where b(¢) is a function of & . The interparticle force is given by:

G, 2]
_ G, _ o), e, Tay'ro),
F:q = > = JU‘——T-'dO' = ‘ﬂ[ —Tdc GJ. —‘—(}r'—-do' [A.?.]
q
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CHAPTER 8

In the case that (6 —0,,) = 8o is small,

ACprog _ MWegrOeg) 5

F —_ Aeq _
A dr ar
Hence,
J
F, = *-’; l{f:q do
APPENDIX B

For ideally polarizable interfaces, fluctuations in charge density are given by {14):

-1
3 _ k[ e (r.oy,)
8o =(o Op) = Y {—308{;

To a good approxirmation, the distribution in ¢ is Gaussian:

2
P(o)= 1_ exp| (o iﬂ;")
V27807 260

The Gibbs energy of ideally polarizable interacting surfaces per unit area is:
o
G, (r.o)= fow;q + Iw‘(c’, rido’
0

Expanding the Gibbs energy around o, yields:

(6-0,) oyl iro,)

G, (r, 0} =G, 0+ 3 o

+0(o - oeq):"

eq
Hence,

P(0) < exp(—G/kT}

[A.3]

[A.4]

(B.1]

[B.2]

[B.3]

[B.4]

(B.5]

We have assumed that this result is also true for surfaces interacting at constant electrochemical

potential dealt with in this chapter.
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SUMMARY

The goal of the present study is to deepen the insight into the non-equilibrium properties of the
electric double layer of colloidal systems. Of basic interest are the ionic mobilities in the different
regions of the electric double layer as well as the potential at the plane of shear, i.e., the
electrokinetic potential { { -potential). These parameters determine the colloidal behaviour under
non-equilibrium conditions when the double layer is perturbed, for instance if external fields are
applied and in particle-particle interaction during coagulation.

One of the experimental methods utilized in this study is the measurement of the conductivity and
the streaming potential of close-packed plugs of particles. From the resulting data we retrieved
the £ -potential, the surface conductivity, and the mobility of the counterions behind the plane of
shear. The results are well comparable to those from the experimental low-frequency (LF)
dielectric response of dilute dispersions of latex particles.

The electrodynamic parameters can be influenced by adsorbing neutral polymer onto the surface.
It is shown that the {-potential as well as the mobilities of the ions behind the plane of shear are
decreased by the polymer film,

The data in the above studies were successfully interpreted under the assumption of local
equilibrinm between the (complete) electric double layer and the adjacent electrolyte. However,
there are double-layer conditions where this assumption is violated. In order to study these, we
theoretically investigated the influence of relaxation of the compact part of the double layer
{occupied inner-Helmholiz Stern layer) on the LF dielectric response and electrophoretic
mobility. Possible relaxation mechanisms are retarded adsorption/desorption and ion migration
along the surface. Along the same lines, the stability of the sol against coagulation was expressed

in terms of the relaxation characteristics of the Stern layer.
Chapter 2 dealt with the determination of plug conductivities and streaming potentials of a

close-packed porous plug of latex particles for a number of indifferent electrolytes and ionic
strengths. From these, the {-potentials and surface conductivities were computed. Monodisperse
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sulphate latex is an ideal model system since the surface charge consists of strong acidic groups
so that a constant surface charge density is maintained throughout al} the experiments. It was
shown that the surface conductivity is insensitive to the ionic strength and that a iarge part of the
countercharge is situated behind the shear plane. Furthermore, it was demonstrated that the ions
in the double layer have a mobility close to the bulk mobility.

In chapter 3 practical expressions were developed for the low-frequency (LF) dielectric
response of dilute dispersions of spherical particles suspended in a binary electrolyte. The LF
dielectric response of dilute sulphate latex dispersions was experimentally determined in the
{requency range of 500 Hz to 500 kHz as a function of the ionic strength of suspending KCI.
The resulting surface conductivities are insensitive to the ionic strength and practically identical to
the values obtained by steady state methods (chapter 2). It was proposed that counterion motion
can be retarded by specific interaction with the surface and by neutral polymer hairs present on
the surface. In order to test the latter effect, the influence of the adsorption of uncharged polymer
poly(ethylene) oxide onto the latex surface was investigated by means of LF spectroscopy, plug
conductivities and streaming potentials of plugs in chapter 4. It was found that the polymer film
on the surface reduces the surface conductivity. The drag on the ions in the polymer film can be
described by considering the polymer layer as an inhomogeneous Brinkman fluid, characterised
by a Darcy permeability which depends on the local polymer volume fraction. The polymer and
counterion distributions were calculated from statistical self-consistent field lattice models.

In order to investigate the influence of the surface charge density on the streaming potentiat and
static conductivity, plugs of monodisperse spherical Stdber-silica particles were studied in
chapter 5. Contrary to the latex, the surface charge density of silica can be controlled by pH.
The high-charge silica plug showed more surface conduction than the low-charge plug since
more mobile counterions are present in the double layer of the former. Stéber-silica particles are
highly porous. For the relatively large particles under consideration, the major part of the
countercharge is sitvated in the micropores of the particles. It was shown that these counterions
do not contribute to the plug conductivity becaunse of their low mobility.

Chapter 6 analysed the dynamic aspects of particle electrophoresis. It was shown theoretically
as well as experimentally that colloidal particles respond to an applied electric field much faster
than does the liquid inside a measuring capillary. Therefore, it is possible to apply an alternating
electric field with such a frequency that unwanted electroosmosis, induced by charge on the
capillary wall, is suppressed, whereas the particles are still able to follow the field according to
their de mobility. This study illustrates that knowledge of the dynamics and the corresponding
relaxation times is not only of purely scientific interest, but that it aiso offers solutions to very
practical problems.

In chapter 7 the influence of polarization of surface charge (or charge in an inner-Helmholtz
layer) on the particle mobility, static conductivity, and low-frequency dielectric response was
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SUMMARY

studied within the framework of the thin double-layer theory. It was shown that the characteristic
times of relaxation processes in the Stern layer are accessible from dielectric spectroscopy. The
relaxation phenomena under consideration are Stern-layer polarization via retarded
adsorption/desorption and polarization via lateral transport in the Stern layer. The two processes
may occur simultanecusly. Since these relaxation processes are also relevant for particle-particle
interaction, chapter § considered the implications for colloidal stability. In the situation of small
transtent disequilibrations of the surface charge, the stability could be expressed in terms of the
characteristic times of surface charge relaxation. This allows the use of electrodynamic data
obtained by dielectric spectroscopy in the interpretation of colloidal stability. On an even more
rigorous level, the free energy of particle-particle interaction was also considered in the space of
the two variables surface charge and separation. This formalism opens the way to investigate

coagulation far from equilibrium.
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Onder een kolloid wordt verstaan een mengsel van twee fasen, waarbij de één als minuscule
'deeltjes’ is verdeeld (gedispergeerd) in de ander, de continue fase. De deeltjes zijn veel groter
dan een atoom, maar nog wel zo klein dat ze niet met het blote cog waarneembaar zijn. Dat wil
zeggen, typisch van de orde van 107 tot 107 meter. Men zou nu kunnen denken dat kolloiden
dan ook wel erg zeldzaam zullen zijn en vast alleen gemaakt kunnen worden door
wetenschappers in speciaal daartoe uitgeruste laboratoria. Echter, niets is minder waar. ledere
koe is in staat kolloiden te maken. Melk bestaat immers vit microscopisch kleine vetbolletjes in
een waterfase. Zo'n kolloid is beter bekend als emulsie. Zonder het te beseffen worden we
dagelijks vele malen geconfronteerd met kolloiden. Neem b.v. eens een willekeurige werkdag in
het bestaan van de schrijver. Het begint al bij het ontbijt. Melk, boter en pindakaas op ons brood
zijn kolloiden (emulsies). Evenals de benodigdheden bij het wassen (een zeepoplossing zit vol
met groepjes zeepmoleculen, z.g. associatiekolloiden), het scheren met schuim (kollofdale
gasbelletjes in een vloeistof) en het tanden poetsen (vaste kolloidale deeltjes in een vloeistof zijn
het hoofdbestanddeel van tandpasta). Nog even snel de krant doornemen. Zonder inkt (kolloidale
pigmentdeeltjes in een vloeistof) is er geen gedrukt nieuws. Dan op de groene fiets (verf is een
kolloid net als inkt) naar de vakgroep. De route via de dijk (rivierklei bestaat uit kolloidale
kleiplaatjes in water} met kijk over de rivier en de in nevel gehulde uiterwaarden (kolloidale
waterdruppeltjes in de lucht) is fraai, En dan is er koffie (een kolloid). De koffiekamer is
opgedeeld in een deel waar aerosolen gemaakt mogen worden, en een deel waar roken niet is
toegestaan, Aerosolen zijn kolloiden waarvan de continue fase een gas is (spray, mist, rook,
stof). Dit zijn nog maar enkele voorbeelden van kolloiden die we veel tegenkomen.

Een bijzondere groep van kolloiden wordt gevormd door die waarin vaste deeltjes zijn verdeeld
in een vloeistof. Zo'n systeem wordt 'sol’ genoemd. Solen zijn het onderwerp in dit proefschrift
en we zullen voortaan solen bedoelen wanneer we van kolloiden spreken.

Vrijwel alle kolloiden zijn positief danwel negatief geladen, en maar zelden elekirisch neutraal.

De clektrische lading is vaak gelokaliseerd aan de buitenkant van de deeltjes en ontstaat b.v.
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Figuur 1. Respons van een negatief geladen kolloidaal deeltje op een plotseling
aangelegd veld. (a) Voor, en direct na het inschakelen is de elekirische dubbellaag
nog onverstoord. {b) De positieve ionen in de elektrische dubbellaag verplaatsen
zich in de richting van de negatieve pooel. (¢) Uiteindelijk stelt zich een nieuwe
situatie in waarin de dubbellaag volledig is gepolariseerd. Aangenomen is hier dat
de negatieve oppervlaktelading zo sterk gefixeerd is dat zij niet bewegen kan.

doordat ionen (zeer kleine geladen moleculen) adsorberen aan het deeltjesoppervlak. Deze
oppervlaktelading leidt in de aangrenzende oplossing tot een gelijke hoeveelheid lading die
tegengesteld van teken en meestat diffous verdeeld is. De dikte van deze diffuse laag wordt
aangeduid met k' In figuur la is als voorbeeld een rond kolloidaal deeltje weergegeven met
een negatieve oppervlakielading en een positieve diffuse tegenlading. Beide ladingen tezamen
vormen de elektrische dubbellaag. Als geheel is zo'n dubbellaag elektroneutraal. De
aanwezigheid van lading op het oppervlak kan eenvoudig worden aangetoond door de deeltjes te
onderwerpen aan een elektrisch veld. Zijn ze geladen dan gaan ze bewegen. Dit verschijnsel heet
elektroforese. Uit de richting waarin ze zich verplaatsen volgt direct het ladingsteken van de
oppervlakielading. De snelheid informeert ons over de grootte van de oppervlakielading.

Een deel van de kolloiden is van nature instabiel. De in het medium rondzwalkende deeltjes
ocfenen namelijk aantrekkende krachten op elkaar uit, de zogenaamde Van der Waals krachten.
Wanneer deze krachten vrij spel hebben zullen de deeltjes gaan samenklitten en uiteindelijk grote
klonten vormen. Het sol is dan instabiel en men noemt het uitgevlokt. De neiging tot vlokken
wordt tegengewerkt door de elektrische lading op de decltjes die zorgt voor onderling afstotende
krachten (deeltjes met gelijke ladingen stoten elkaar af). Des te meer lading, des te sterker de
afstoting tussen de deeltjes. De snelheid waarmee een sol uitvlokt wordt uiteindelijk bepaald door
de balans tussen de aantrekkende van der Waals krachten en de afstotende elektrische krachten.
Bevinden de kolloidale deeltjes zich in een milieu met veel opgelost zout, dan wordt de
deeltjeslading goed afgeschermd. De diffuse laag is dan dun (k"1 is klein), de elektrische
afstoting gering, en de deeltjes zijn eerder geneigd tot vlokken. Met daarentegen veel lading en
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weinig zout kan de vloktijd enorm worden opgevoerd (van minuten naar tientailen jaren). In de
praktijk is dit laatste vaak wenselijk. De houdbaarheid van verf in de pot, b.v., wordt volledig
bepaald door de balans van afstotende krachten tussen pigmentdeeltjes en de altijd aanwezige
attractieve Van der Waals krachten. In andere gevallen is vlokking juist wenselijk. In verf die
eenmaal is aangebracht geven pigmentdeeltjes die aan elkaar vastklitien juist een hechte film.
Deze voorbeelden tonen het belang van methoden om de ladingstoestand van de deeltjes te
achterhaten. Elektroforese is reeds genoemd. Een andere methode is het meten van de
elekirische geleidbaarheid van een sol. Daarvoor wordt het sol in een (onveranderlijk)
elektrisch veld gebracht. Omdat de diffuse laag bijdraagt aan de elektrische stroom door het sol is
hiermee de elektrische lading van de deeltjes te achterhalen. Helaas valt deze bijdrage echter
veelal in het niet ten opzichte van de elektrische stroom die buiten de deeltjes en de diffuse laag
om door de oplossing loopt. Dit probleem kan worden ondervangen door aan zeer
geconcentreerde solen te meten. Deze hebben relatief veel oppervlak en daarmee veel diffuse
lading die bijdraagt aan de geleidingsstroom. Een zeer hoge concentratie aan deeltjes kan worden
verkregen door het sol af te centrifugeren. Van de prop met deeltjes die men dan verkrijgt kan de
geleidbaarheid worden bepaald. Proppen bieden ook andere mogelijkheden. Zo kan vloeistof
door de porién van de prop worden geperst. De vloeistofstroom neemt dan iets van de diffuse
lading mee waardoor er een elektrisch potentiaalverschil over de prop ontstaat. Deze potentiaal
wordt stromingspotentiaal genoemd en is wederom een maat voor de hoeveelheid lading op de
deelties. Een deel van het onderzoek beschreven in dit proefschrift is verricht aan zulke proppen
{waarin geleidbaarheden en stromingspotentialen zijn bepaald). Proppen hebben echter ook
nadelen. De deeltjes in proppen zitten allemaal tegen elkaar. De overlap van de diffuse lagen van
elkaar rakende deeltjes maakt de interpretatic van de meetgegevens lastig.

‘Wanneer een kolloidaal deeltje wordt onderworpen aan een elektrisch veld, zoals bij elektroforese
of bij het meten van de geleidbaarheid, zal de structuur van de diffuse laag zich aanpassen aan het
opgelegde veld. Dit is schematisch weergegeven in figuur 1. De positieve diffuse lading wordt
aangetrokken door de negatieve pool maar komt niet vrij van het negatieve deeltje. Dit resulteert
in het compromis zoals weergegeven in figuur lc. De diffuse laag is gepolariseerd. Deze
toestand is er niet direct na het inschakelen van het elektrische veld, maar heeft korte tijd nodig
om zich te ontwikkelen. Na het aanzetten van het veld gaan de positieve ionen bewegen en
verandert de diffuse laag van ongepolariseerd (figuur 1a) via een beetje gepolariseerd (figuur 1b)
naar uiteindelijk volledig gepolariseerd (figuur 1¢). Dit gebeurt in de karakteristieke tijd T die
ionen nodig hebben om van de ene kant van het deeltje naar de andere kant te bewegen. Deze
ionbeweging langs het oppervlak wordt opperviaktegeleiding genoemd. De ladingsverschuiving
is waarneembaar als een kort elektrisch stroompje direct na het inschakelen van het veld. In dit
proefschrift is aandacht besteed aan het meten van deze zogenaarnde polarisatiestrootn in een sol.
Daartoe is gebruik gemaakt van een elektrisch wisselveld. De diffuse laag is dan continu bezig dit
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veld te volgen maar loopt altijd iets achter. Dit in tegenstelling tot de grote stroom die buitenom
de deeltjes door de oplossing loopt. Deze reageert momentaan op het alsmaar wisselende veld.
Door dit verschillend gedrag is de polarisatiestroom te scheiden van de grote stroom buitenom en
wordt het eerder geschetste probleem verholpen: in een wisselveld is ook van een verdund sol de
bijdrage van de diffuse laag aan de stroom te achterhalen. De grootte van de polarisatiestroom is
een maat voor de hoeveelheid opperviaktelading. De reactie van een sol op een wisselveld wordt
aangeduid met de term di¢lekirische respons.

Hierboven zijn de methoden geschetst die in dit proefschrift zijn gebruikt om de ladingstoestand
van kolloidale deeltjes te achterhalen. Voor de interpretatie van meetwaarden is het erg prettig dat
alle deeltjes in het sol rond en even groot zijn. Daarom zijn de experimenten uitgevoerd aan latex
en silica waarvoor dit realiseerbaar is. Het latex sol bestaat uit plastic bolletjes in water. Dit sol
wordt 0.a. gebruikt in de verfindustrie {latex verf). Het silica sol bestaat vit zeer kleine ronde
zandkorreltjes in water. Bij de experimenten met deze solen bleek al spoedig bleek dat
verschillende meetmethoden ook verschillende oppervlakteladingen opleveren. Zo is de
oppervlaktelading berekend uit de geleidbaarheid van een prop enkele malen groter dan wanneer
deze wordt berekend uit de stromingspotentiaal over de prop. Hieruit blijkt dat de opbouw van de
dubbellaag zoals weergegeven in figuur la te primitief is voorgesteld. Door aan te nemen dat
rondom het deeltje een dun waterlaagje aanwezig is dat stilstaat, maar waarin ionen wel kunnen
bewegen, zijn de resultaten uit verschillende typen van experimenten met elkaar in
overeenstemming te krijgen. De buitengrens van de stilstaande laag heet het afschuifviak. Dit
afschuifvlak is in figuur la aangegeven met een onderbroken lijn. De aanwezigheid van de
stagnante waterlaag verklaart waarom er veel lading wordt gevonden in het
geleidbaarheidsexperiment (alle positieve lading draagt bij aan de geleidbaarheid) en minder
lading in het stromingspotentiaalexperiment (alleen de lading buiten het afschuifvlak wordt door
de bewegende vioeistof meegenomen).

De stagnante laag valt te manipuleren. Hij kan dikker worden gemaakt door ongeladen polymeren
te hechten aan het deeltjesopperviak. Polymeren vormen dunne vitstekende haartjes en maken
van het gladde kolloidale deeltje een harig deeltje {van hockeybal naar tennisbal). De
polymeerfilm houdt extra water vast waardoor het afschuifvlak verder naar buiten schuift. De
aanwezigheid van deze film resulteert dan ook in een lagere stromingspotentiaal. De
oppervlaktegeleiding neemt ook af. Hieruit valt te concluderen dat de ionen worden afgeremd in
de harige polymeerlaag.

Het is prachtig dat door de introductie van het afschuifvlak met de resultaten van verschillende
meetmethoden een consistent beeld is te vormen van de dynamische eigenschappen van de
dubbellaag. Hiermee is nog niet benadrukt dat metingen van de diglektrische respons een schat
aan extra informatie bevatten. Door de frequentie van het wisselveld (het aantal keren per seconde
dat we het veld laten omkeren) op te voeren zal op zeker moment de diffuse laag het veld niet
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meer kunnen bijhouden en verdwijnt de polarisatiestroom. Uit de frequentiekarakieristiek volgt
T, de tijd die de diffuse lading nodig heeft om te kunnen reageren op een verstoring van
buitenaf. In figuur la is verondersteld dat de wandlading gefixeerd is. Br zijn echter vele situaties
denkbaar waarbij deze lading kan bewegen door het hart of langs het oppervlak van het decltje,
danwel kan desorberen naar de oplossing. Via deze mechanismen zal ook de opperviakielading
worden gepolariseerd (de negatieve wandlading in figuur 1¢ wordt dan juist hoger aan de kant
waar positieve diffuse lading verdwijnt). Deze processen zijn te volgen met de diélektrische
spectrometer. Een theoretisch hoofdstuk in dit proefschrift is gewijd aan het vinden van de relatie
tussen de diélektrische respons en de parameters van de mechanismen die verantwoordelijk zijn
voor de polarisatie van de (volledige) elektrische dubbellaag. De karakteristicke tijden van alle
optredende polarisatieprocessen zijn hiermee toegankelijk via diglektrische spectroscopie. Deze
aspecten zijn interessant omdat tijdens wisselwerking tussen deeltjes in een vlokproces diffuse
lagen overlappen en zich continu zo veel mogelijk aanpassen. Dit proces van aanpassing gaat ook
op voor de oppervlaktelading. De deeltjes polariseren elkaar. De krachten die ze op elkaar
uitoefenen, en daarmee de stabiliteit van het sel, zijn athankelijk van de snetheid waarmee de
aanpassing kan verfopen. Daarom is het laatste hoofdstuk van dit proefschrift gewijd aan het
opstellen van de relatie tussen de solstabiliteit en de karakteristieke tijden van de verschillende

polarisatieprocessen.

Het in dit proefschrift beschreven onderzock behandelt niet-evenwichts elektrische
eigenschappen van kolloiden op een zo hoog mogelijk niveau van integratie. De term
elektrodynamica geeft dit aan. Daarom vindt u de titel "elektrodynamica van kolloiden” op de

voorkant van dit proefschrift.
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van "relaxatie in een waterfase” in praktijk te brengen. Alle zwemmers in baan én, bedankt voor
de gezonde competitie. Onze dierbare tijdelijke kamergenoot José Paulo hebben we helaas niet
kunnen overhalen regelmatig mee te komen.

Luuk Koopal woonde bij ons op kamers. Van hem leerde ik mijn eerste woordjes
grensvlakchemie. Deze werden later aangevuld door Arie de Keizer en kwamen goed van pas in
hoofdstuk 3 over silica.

Ben Spee, bedankt voor het altijd kunnen vinden van de juiste potjes chemicalién. Zonder deze
zou niet veel meer dan het nawoord overblijven, en daar valt niet op te promoveren.

Marcel van Eijk heeft mij (te) vaak geholpen bij problemen met software. Het is jammer dat deze
altijd worden meegeleverd.

1 am indebted to many persons from beyond our department for stimulating discussions,
initiating good ideas, or just spending a good time with. Some of them I want to mention
personally: J. L. Anderson, S. S. Dukhin, C. S. Mangelsdorf, R. W. O'Brien, V. N. Shilov
and N. Spanos.

1 begrijpt het, ik heb het op de vakgroep goed naar mijn zin gehad. "Buitenlabse” activiteiten als
labuitjes, fiets-, schaats- e¢n kanotochten, wandelweekends en de maandagse
volleybalwedstrijden hebben hieraan niet in het minst bijgedragen, evenals de stimulerende

gesprekken in de wandelgangen, de koffiekamer en op het secretariaat.
Tot slot, met het gereedkomen van dit boekje stopt logischerwijs ook het praten in mijn slaap.

Leonie, ik zal je vanaf vandaag niet meer wekken met kreten als "....we zijn de lading vergeten!”

Mensen, bedankt.

LY
/V.L ;
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