VOL. 10 REPRINT 1965

CHEMISTRY

The Official Fournal of the
International Union of Pure and Applied Chemustry

CHIMIE PURE et
APPLIQUEE

Journal officiel de

U Union internationale de Chimie pure et appliquée

BUTTERWORTHS
LONDON



ENGLAND:

AUSTRALIA:

CANADA:

NEW ZEALAND:

SOUTH AFRICA:

US.A.:

BUTTERWORTH & CO. (PUBLISHERS) LTD.
LONDON: 88 Kingsway, W.C.2

BUTTERWORTH & CO. (AUSTRALIA) LTD.
SYDNEY: 20 Loftus Street

MELBOURNE: 473 Bourke Street

BRISBANE: 240 Queen Street

BUTTERWORTH & CO. (CANADA) LTD.
TORONTO: 1367 Danforth Avenue, 6

BUTTERWORTH & CO. (NEW ZEALAND) LTD.
WELLINGTON: 49/51 Ballance Street
AUCKLAND: 35 High Street

BUTTERWORTH & CO. (SOUTH AFRICA) LTD.
DURBAN: 33-35 Beach Grove

BUTTERWORTH INC.
WASHINGTON, D.C. 20014: 7300 Pearl Street

International Union of Pure and Applied Chemistry

1966

Printed in Great Britain by Page Bros. (Norwich) Ltd., Norwich



THERMODYNAMIC AND KINETIC ASPECTS
OF THE ELECTROCHEMICAL DOUBLE LAYER

J. Th. G. OvERBEEK

van’t Hoff Laboratory, State University of Ulrecht,
Utrecht, Netherlands

INTRODUCTION

An electric tension usually exists across the boundary between two phases,
and if one of the phases is a fluid ionic conductor, part of that tension is
located in an electrochemical double layer, in which ionic charges are dis-
placed perpendicular to the phase boundary, so as to create two (or some-
times more than two) regions of space charge of different sign.

In many cases (¢.g. if one phase is a metal, or if one of the charged layers
is carried by ions adsorbed at the interface) one of the space charge layers
may be treated as a good approximation as a surface charge, whereas for
the layer in the ionic conductor the space charge character is essential.

The detailed, quantitative study of the electrochemical (also called
electric) double layer is important, because it plays a role in all electrode
processes, membrane phenomena (including biological membranes), the
colloidal stability of suspensions, emulsions and foams, detergency, and in
the behaviour of ionic macromolecules, such as nucleic acids and proteins,
and even in the generation of thunderstorms. Quite apart from all these
fields of application, double layers as such present interesting and challeng-
ing problems for the experimentalist and for the theoretician.

ORIGIN OF THE DOUBLE LAYER

The first problem in the study of electric double layers is the question of
their origin. What is the direct cause of the spatial separation of the charges?
In some cases, as in electrocapillary experiments or in many experiments on
electrode reactions the answer is simple. It is the electric potential difference
forced onto the systems from an outside source which determines the tension
between the two phases, with the distribution of charges following as a
secondary effect.

In other cases, however, where the double layer is formed spontaneously
at the contact of the two phases (e.g. silver iodide and water) the answer is
less simple, because the chemical preference of some of the ions for one of
the phases or for the interface is the driving force and the final equilib-
rium is determined by the constancy of the electrochemical potential,
g = + zF ¢, of these ions throughout the whole system.,

In the final case, the double layer may be generated by dissociation as is
the case for soap micelles or polyelectrolytes; this case differs from the forma-
tion of Debye-Hiickel ionic atmospheres in simple electrolyte solutions only
by the fact that a large number of unit charges are bound to a single particle.
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THEORETICAL DESCRIPTION OF THE DOUBLE LAYER

For a complete theoretical description of the electrochemical double layer
we would need to know:

(?) the distribution in space of the charge carriers, i.e. the ions in the solu-
tion phase and the ions (and electrons) in the solid phase;

(¢7) the distribution in space of the orientation and polarization of the
solvent molecules, or the local dielectric constant of the solvent and its
orientation by non-electrostatic effects near the interface.

These two sets of data would completely determine such quantities as
double layer charge, double layer tension, double layer capacity, and by
straightforward thermodynamics the free energy of the double layer. If these
data are known at different temperatures, or if calorimetric data are avail-
able, energy, entropy and other thermodynamic quantities can be derived.

Additional aspects are needed for the interpretation of the forces between
overlapping double layers as is necessary for the understanding of colloid
stability, equilibrium thickness of black soap films, and second virial coeffi-
cients in the Donnan equilibrium or light scattering.

Here one must know not only the free energy of the electrochemical
double layers in interaction, but also forces or energies of a different nature,
such as van der Waals forces (usually not considered to form part of double
layer problematics) and the free energy connected with the solvent molecules
(solvation, ‘‘icebergs”, impenetrable layers efc.).

For the interpretation of kinetic data such as viscosity, sedimentation,
diffusion and electrokinetics, free energy data are not sufficient. It is neces-
sary to know the viscosity and even the mobility of the individual compon-
ents in any point of the double layer, in order to be able to account for
deformation and relaxation of the double layer.

Finally a further aspect of the double layer enters in the interpretation of
electrode reactions, although in the theories used here the local potential at
the ions which are closest to the interface gives sufficient information.

Tt is fairly obvious that our knowledge of the double layer is not as complete
as could be desired and that shortcuts for different aspects have been sought.
The choice of these shortcuts is frequently determined by the kind of experi-
ment that is to be interpreted. We should consider the experiments as tools
for the investigation of the double layer and a brief survey of these tools
and their usefulness will be given.

METHODS OF INVESTIGATION OF THE DOUBLE LAYER

Chemical and electrochemical analysis are among the most straight-

forward methods for investigating double layers. Determination of the con-

centration (activity) of the potential-determining ions gives the double layer

tension between the two phases in equilibrium directly from the Nernst-
equation (1):

RT ai

Ap=NMdot syl o (1)

where 7 indicates a potential-determining ion, of valence z;, present with

activity g; in one phase and constant activity in the other. 4¢ is the electric
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ASPECTS OF THE ELECTROCHEMICAL DOUBLE LAYER

tension across the double layer and 44, the electric tension across the double
layer at the point of zero surface charge, which is reached at an activity
ai,. R, T and F have their usual meaning.

If it 1s known which ions carry the surface charge, analytical determination
of the adsorption of these jons gives the value of the charge. Determination
of the (positive or negative) adsorption of ions contributing to the space
charge gives similar information on this part of the double layer.

Analytical techniques were used at an early stage of colloid chemistry by
Freundlich, Joachimson and Ettisch! and by Pauli and Valké?, although at
that stage separation between adsorbed ions and ions in solution was not
always successful. More recently, after the pioneering work of Verwey and
Kruyt® and of de Bruyn? a great deal of information about the double layer
on silver iodide in water has been obtained in this way. As an example
Figure 1 shows the charge vs. tension curvesS—7 at different concentrations of
electrolyte, the charge being obtained from the adsorption of I ~ or Ag+ ions
and the tension from a direct measurement with a silver—silver iodide
electrode.

Very accurate information on double layers can be derived using electro-
capillary techniques for the mercury—water interface. Due to the high degree
of irreversibility of the possible electrode reactions, the double layer tension
can be applied from an outside source and thus be known accurately. In
older experiments the double layer charge was derived from Lippmann’s8
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Figure 1. Surface charge density of silver iodide plotted against the double layer tension for
different concentrations of electrolyte. Drawn curves are mixtures of KNO3 and NaNOg
in a molar ratio of 1:7 (van Laar), O NaClO4 (Mackor) and O~ NaNOsz (Mackor)
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famous relation (2) between the interfacial tension y, the surface charge
density o, and the double layer tension Aé:

(25 e ™
0 (AQS) constant composition—— ’

In its integrated form (8) this equation gives the most straightforward
expression for the free energy F of the double layer:

FAD) =y —yo=— | od(Ad) 3)

point of zero
charge

In the hands of Frumkin® 10 and others this method has yielded a great
deal of information, including some on the influence of adsorbed organic
substances. In other experiments Frumkin!! has measured the surface charge
directly as the amount of electricity necessary to bring a freshly formed mer-
cury—water interface at a given double layer tension. However, at present
the method of choice is the direct measurement of the double layer capacity,
00[0(d¢), using electronic methods and deriving ¢ (and if desired y or F)
by integration. Especially since Grahame’s careful analysisl? of the theory
involved and his painstaking development of the experimental technique,
this method has given information on rather detailed features of the double
layer, such as the influence of the lyotropic series (small, much smaller than
with silver iodide-water), on specific adsorption, dielectric saturation and
water structure. As far as accuracy is concerned it provides very stringent
tests for any theory, but its extension beyond the mercury—water case is not
easy.

Somewhat similar data can be derived from the surface pressure of ionized
monolayers and from the surface tension of solutions of donic surfactants. In
both cases the number of ionic molecules in the surface is known either
analytically or by using the Gibbs adsorption equation (4):

- = — I} (4)

where p; is the chemical potential of the species ¢ and I'i its surface excess.
If an estimate is made of the contribution that the non-ionized surface
molecules would make to the surface free energy, the remaining surface free
energy can be considered as the free energy of the electric double layerls, 14,
This quantity can also be calculated from the surface charge and a model
for the double layer. The weak point in this method as compared with
electrocapillary work is that the electric tension across the interface is often
not known, or if it has been measured its relation to the double layer tension
is not simple.

Double layers around polyelectrolyte molecules or detergent micelles are
conveniently studied with the aid of light scattering or the Dornan equilib-
rium. The extrapolated Donnan osmotic pressure gives information on the
molecular weight, but not on the double layer. In the same approximation,
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however, the unequal distribution of ions between the two phases is already
related to the distribution of the counter charge between excess counter-ions
and a shortage of co-ions!® 16, This same distribution affects the light
scattering at infinite dilutionl? 18, The second virial coefficients, both from
light scattering and the Donnan pressurel®. 16 are related to the interaction
between pairs of particles, and in many cases, especially at high charge of
the particles and low electrolyte content, this pair interaction is nearly
exclusively determined by the repulsion between the double layers1?.

Inieraction between two or more double layers is of great importance in many
other phenomena, such as the distance between platelike particles in
Schiller layers?0, the thickness of black soap films21-23 and the stability of
lyophobic colloids??, 25,

All the above-mentioned methods for the study of the double layer are
essentially thermodynamic, i.e. they are based on equilibrium phenomena.

There is another group of phenomena, where shearing motions in the
double layer are essential. These are the electrokinetic phenomena of which
electrophoresis is the most widely known, but sedimentation potential,
electro-osmosis and streaming potential are nearly equivalent sources of
information.

The quantitative relations between the different electrokinetic phenomena
have been clarified by the application of thermodynamics of irreversible
processes?é: 27, although many of these relations have been derived from
less general considerations?8.

Although interpretation of electrokinetic phenomena in terms of {-poten-
tial and “slipping plane” is an oversimplification, it is also obvious that
electrokinetic effects do not only depend on the electrical structure of the
double layer, but also on the distribution of viscosity in it.

A somewhat less direct method, but of the same nature as electrokinetics
is the electroviscous effect®®: 30, 1.¢. the excess viscosity of a suspension due to the
presence of a double layer. Another completely different group of non~
equilibrium data on the double layer is formed by the rates of electrode reac~
tions. Such a rate is, among other things, determined by the electric potential
(e.g. with respect to the liquid far from the interface) of the ions which ac-
tually take part in the reaction, that is, the jons in close proximity to the
interface, and consequently it gives information on this potential.

It is rather unfortunate that electrochemists have proposed3! to call this
potential, {-potential or electrokinetic potential, although numerically and
conceptually it differs from what colloid chemists have long called - or
electrokinetic potential.

INTERPRETATION OF EXPERIMENTS

As mentioned before, experimental data are as a rule interpreted by using
a simplified model of the double layer. Simplifications which have been
frequently used are the assumption of a continuously smeared-out surface
charge and space charge, a fixed dielectric constant all through the double
layer, partial dissociation of the surface molecules (often in combination
with ideal behaviour of the dissociated ions), a constant viscosity (up to
a sharp “slipping plane) and solvation in one form or another.
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Simplification is not at all an unjustified procedure as testified by the
success of many of these simple theories, but from time to time one has to be
aware of its limitations.

The model still most frequently used for the interpretation of analytical
and electrochemical data is the Gouy-Chapman double layer, based on the
complete Poisson-Boltzmann equation, combined if necessary with a mole-
cular condenser or Stern-layer to take ion-size and specific adsorption into
account. This model is sometimes extended by assuming partial dissociation
in the surface layer, the association then being a particular form of Stern
adsorption. In recent years this model has been refined by taking the dis-
creteness of the surface charge and that of the Stern-layer into account.

Interaction between double layers is often interpreted in terms of interac-
tion between the tails of Gouy-Chapman distributions, or in terms of simple
Donnan equilibria. Added to these are long range van der Waals attractive
forces, short range Born repulsions and repulsions based on solvation layers.

In the interpretation of electrokinetics a slipping plane is nearly always
involved. It may or may not coincide with the Stern layer. In this case
partial dissociation refers to all ions within the slipping plane, irrespective
of the forces by which they are held there. Sometimes an extra surface con-
ductance of more or less obscure origin is also introduced.
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Figure 2. Different approximations and assumptions used in double layer models
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ASPECTS OF THE ELECTROCHEMICAL DOUBLE LAYER

In the field of electrode reactions the most obvious assumption is that the
reacting ions are situated in the Stern layer or at the inner boundary of the
Gouy layer.

Figure 2, in which some of the assumptions used have been illustrated,
may help to visualize the situations.

PROBLEMS OF SPECIAL INTEREST

I should like to discuss a few specific points which are of major interest
for the actual research on double layers.

Discreteness of charge

The first point concerns the influence of the discreteness of charge or
fluctuation term. Esin and Shikov32 and Ershler33 have pointed out that the
electric field in a condenser with smeared-out charge layers differs from that
when the same average charge density is concentrated in finite discrete
charges placed at discrete, regular or irregular distances. The simplest way
to visualize this is to realise that the electric field is completely confined
between the smeared-out charges, but penetrates through the openings in
the discrete charge pattern as represented schematically in Figure 3. It is
obvious that the energy of interaction may differ in the two cases, and that
this difference is affected by the actual arrangement of the charges. A
quantitative estimate shows that the difference with the smeared-out case
may be several times £7’, and thus large enough to affect, e.g. the adsorption
of ions in the Stern layer and therefore such things as the total double layer
capacity or the repulsion between two double layers34—36,

Overbeck and Stigter3? have applied the same idea in the calculation

@
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Smeared-out charges Discrete charges

Figure 3. Difference in the ficldlines between smeared-out charges and discrete charges
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of the free energy of micellization of detergent ions. Levine, Mingins and
Bell 35.36 have worked on this effect in considerable detail and have ascribed
to it among other things the decrease of colloidal stability, which accom-
panies88: 39 an increase in surface charge density.

Nevertheless, the situation is not yet satisfactory. Of course, insofar as the
charges are carried by ions they are indeed discrete, but the calculations are
so sensitive to the actual assumptions about the pattern of the charges,
dielectric constants, eic., that it is not certain that the effects which can be
explained qualitatively by the influence of the discreteness of charge also
follow quantitatively from it. It would be important to have more data of
high accuracy covering wide variations of circumstances (especially the
surface charge density) to test the quantitative formulations of the discrete-
ness of charge effect.

Incomplete dissociation

The next point is that of partial dissociation. The behaviour of colloidal
electrolytes (polyelectrolytes, detergent micelles) has often been interpreted
in terms of partial dissociation of the surface “salt-groups”. Examples are:
the influence of the double layers in light scattering®—42, thermodynamic
treatments of micelle formation in solutions of ionic detergents?3 44, or
Donnan equilibria and Donnan electromotive forces, 46,

In the cases cited above and in many others the supposed association is
one between Na+ ions and sulphate, sulphonate or carboxyl groups or
between other ions for which low molecular weight analogues do not give
any indication of less than complete dissociation. Therefore incomplete
dissociation of colloidal electrolytes of this nature is already a priori some-
what improbable. Moreover, the law of mass action does not apply at all,
which destroys much of the usefulness of the concept of partial dissociation.
This is very clearly shown in Klaarenbeek’s measurements?? on the salt
distribution in membrane equilibria of gum arabic in potassium bromide
solutions. If these measurements are interpreted using the classical Donnan
theory, the degree of dissociation of the potassium salt of gum arabic
(RCOO-K ™) increases with increasing concentration of K+ ions—just
opposite to what the law of mass action would require. ( Table I).

It is much more attractive to attempt an interpretation based on complete
dissociation and taking electrostatic effects carefully into account. As

Table 1. Salt distribution in membrane equilibria expressed as
equiv. Br~ expelled from the gum arabic solution per equiv.
gum arabic and degree of dissociation calculated from it

Concentration KBr Br~ expelled per ““Degree of
in oulside solution equiv. gum dissoctation”
(equiv.fl.) arabic (equiv.)
0-00108 ‘ 0-115 023
0-01 0-19 0-38
0-1 0-32 0-64
1-0 0-50 1-0
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Klaarenbeek has pointed out, the qualitative interpretation of Table I is
quite simple. Gum arabic, being a negatively charged polyion, attracts
cations and repels anions electrostatically, the local concentrations being
proportional to a Boltzmann factor, exp(— zF ¢/RT), where ¢ is the local
potential. In the classical Donnan approach ¢ is the azerage potential of the
colloidal solution (¢ = 0 in the outside solution) and is low when the colloid
concentration is low. In that case (considering univalent electrolytes),
exp(+ F$[RT) and exp(— F$/RT) are sufficiently approximated as (14
F$[RT), and (1—F¢$/RT), which means that the expulsion of co-ions is Jjust
as large as the excess of counter-ions, both being equal to half the charge of
the colloid. If one considers individual particles, however, the potential in the
neighbourhood of a particle remains high even at low colloid concentration,
and the positive exponential goes up much faster than the negative one goes
down. This dissymmetry causes the expulsion of co-ions to be less than one
half of the colloid charge. The effect is most pronounced at low electrolyte
concentration, because then the double layer potentials are highest, as shown
in Table 1. Figure 4 may illustrate thiseffect. Further quantitative development
of this approach explains a relatively smaller expulsion of co-ions at higher
polyelectrolyte concentration, and explains the Donnan osmotic pressure
as mainly caused by the electrostatic repulsion between overlapping double
layers around the individual particles.

Concentration

Counter ions

Particle
exp (+F@[RT)

Counter ions

1+F¢/RT op

1-F@/RT

Co-ions .
exp (—F¢/RT) Co-ions

Distance Distance
(a) (b)

Figure 4. Distribution of ions in electric field around a particle.
{a) Low electrolyte content, high charge density, high potentials;
(6) high electrolyte content, low charge density, low potentials

A very similar approach has proved to be applicable to the light scattering
by detergent micelles. The authors cited previously4® —42 have in essence used
the second virial coefficient in light scattering to determine a degree of dis-
sociation (assuming ideal behaviour of the free particles) and used this
degree of dissociation to calculate the relative composition of the micelle,
the knowledge of which is necessary to estimate its optical effect. Vrij*8 has
pointed out that the situation in light scattering is analogous to that in the
Donnan equilibrium. Not only does the Donnan osmotic pressure appear
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explicitly in the expression for light scattering as derived by the fluctuation
method, but it should also be noted that the scattering particle is not the
poly-ion (or ionic micelle) with an equivalent amount of counter-icns, but
subtracted from this should be the electrolyte pushed away by the double
layer field (negative adsorption). Just as in the Donnan equilibrium, this
negative adsorption corresponds to half of the particle charge for low
potentials, but to less than half for high potentials. The negative adsorption
can either be determined separately in a membrane equilibrium experiment,
or the effect of negative adsorption on light scattering can be nullified by
extrapolating to a supporting electrolyte, which, when dissoived in the
solvent (water), does not modify its index of refraction.

Applying these ideas, Overbeek, Vrij and Huisman?® found negative
adsorptions as given in 7able 2 from very accurate measurements of the light

Table 2. Negative adsorption of sodium halides (NaX) on micelles of NaDS, derived from

light scattering experiments. Calculated values are according to Gouy theory. “Degree of dis-

sociation” is derived from the same experimental data, but assuming ideal behaviour of

the dissociated ions. Experimental and calculated second virial coefficients, B, defined from
the equation:

Donnan osmotic pressure = 7=RT (g/M -+ B g2} in which g is the concentration of micellar
soap in g/ml

Negative adsorption | Second virial
Solvent (moles per mole i “Degree of dis- coefficient

micellar soap) ' sociation” (mljg X 103)
Exp. Cals. ; (per cent) Exp. Cale.
Water — 0135 i 27 9-24 1275
0-01 m NaX 0-15 0129 30 4-10 5-12
0-03 M NaX 0-14 0-130 28 1-95 2-44
0-1 M NaX L 0-155 0-149 | 31 0-60 0-68
0-3 n NaX | o024 0216 i 48 0-23 0-26

|

scattering of sodium dodecylsulphate (NaDS) in sclutions of various concen-
trations of sodium halides. The experimental figures are in good agreement
with negative adsorptions as calculated on the basis of a simple Gouy-
Chapman double layer assuming complete dissociation of the sulphate
groups. Moreover, the second virial coefficients, calculated from the inter-
action of two Gouy double layers, are in reasonable agreement with the
experimental ones, although a systematic difference of about 25 per cent
remains to be explained. The agreement between calculated and observed
values for micellar solutions of the lower sodium alkylsulphates (Cg, Ca, C1o
and Ci;) is at least as good as for NaDS.

The conclusion that in many cases ion-binding is purely electrostatic and
non-localized is supported by data on proton magnetic resonance®, Raman
spectra®l, activity coefficients?2 and on the additivity of partial molal
volumes53,

Adhering water layer, slipping plane
As mentioned before the idea of partial dissociation is also applied to
electrophoresis and to electrokinetic phenomena in general. As Freundlich54
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has already pointed out, it is necessary to assume that a layer of solvent
adheres to the particle and that only part of the potential drop in the double
layer, the “{-potential”, occurs in the mobile part of the liquid and con-
tributes to electrokinetics. In this picture the ions in this stagnant layer
move bodily with the particle and as far as electrokinetics is con-
cerned, they are “bound”. Considering these ions as bound may
even help to locate the “‘slipping plane”. The crucial point here is of
course: is there a sharp separation between mobile and stagnant liquid, and,
if so, where is it located ? It is remarkable that, although a very large number
of different electrokinetic experiments have been done, so very little is known
about this slipping plane. Eversole ¢ al.55 have calculated the distance
between the slipping plane and the interface from the {-concentration rela-
tion for glass or ceramics water systems. Assuming a Gouy-type double layer,
they found that the thickness of the stagnant layer varies between 8 and
63 A, and varies in a rather unpredictable way between different series of
experiments. In such a case the stagnant layer simply serves to cover our
lack of understanding.

Lyklema and Overbeek 6 have suggested that instead of a sharp separation
between stagnant and mobile liquid there is a gradual transition from very
high viscosity near the actual interface to normal viscosity farther away in
the double layer. This gradual change in viscosity could be due to the general
phenomenon of increase in viscosity in the electric field of the double layer.
Unfortunately the absolute magnitude of this “viscoelectric™ effect for water
is not known and several authors have suggested that it is much smaller than
Lyklema and Overbeek assumed in their paper.

Whatever the true situation is, two recent cases can be mentioned in which
it is made very probable that the layer of water adhering to a highly charged
interface is only one or a very few molecules thick. Mysels and Cox57 and
Lyklema, Scholten and Mysels5® measured the relation between the thickness,
9, of a film drawn from a detergent solution and the velocity, v, of drawing.
According to the quantitative hydrodynamic treatment by Frankel? the
relation between 8 and » is:

2/3
7]
O 1-88 Y16 pg) 172 Q)

where 7 is the viscosity of the liquid in the film, y its surface tension, p the
density of the solution and g the acceleration of gravity. This equation has
been derived assuming that the viscosity is equal to % over the whole thick-
ness of the film. In these experiments relation (5) has been proved to be
correct over a large range of values of 8 and z, and this implies that the vis-
cosity has its normal value all through the film. As a matter of fact, these
experiments, one of which is illustrated in Figure 5, point to a rigid layer
of 16 - 8 A thickness at both faces of the film. This includes the thickness
of the rigid detergent layer, which is estimated at 16 A. Consequently the
thickness of the rigidified water layer is O + 8 A, This is a case where the
surface charge density is very high on account of the close packing of the
detergent molecules.

The notion that the adhering water layer is very thin is strikingly con-
firmed by Stigter’s recent comprehensive analysisS® of flow in micellar

369



J. Th. G. OVERBEEK

T
d

2400
2200
2000}
1800
1600
ot 1400F
“ 1200f A
1000}
800F o
600} gﬁé
4o0r
2008 0 Black film

0 1 23 4 5 6 7 8
v 43 sec’)’

Figure 5. Film thickness, 8, as a function of its rate of formation, V. Films made of 0-0027 M
NaDs§, 0-000062 M dodecyl alcohol and 0-1 m LiCl

solutions. From a straightforward interpretation of the intrinsic viscosity of
micellar solutions by the Einstein equation, taking the contribution of the
electroviscous effect into account, Stigter concludes that a micelle of NaDS
behaves as a rigid particle in which the hydrocarbon core is surrounded
by a fixed layer of 4 A (4- 1 A) thickness. This thickness agrees quite well
with the length of the hydrated sulphate end-group which is estimated at
4-3 A. 1t may thus be concluded that the surface of shear (slipping plane)
cotncides within 1 A with the surface enveloping the hydrated end-groups. For micelles
of dodecylammonium chloride a similar conclusion applies. Data on self-
diffusion of micelles of NaDS$, in which the diffusion constant is interpreted

as:
b T s(a (B L) o

also confirm that the adhering water layer is thin. In equation (6) r is the
radius of the micelle 4 adhering water, S is a shape factor, deviating from
1 if the micelle is not spherical, and « is the constant for the electroviscous
effect, derived from Booth’s calculation$! of the relaxation effect for sedi-
mentation.

Although the adhering layer is found to be at most a very few water mole-
cules thick this layer contains about half of the counter-ions, as follows from
further calculations by Stigter based on the electrophoretic mobility and
on the conductivity of the micellar solutions. These “bound” counter-
ions find a natural place between the head groups of the detergent molecules.
Elaborating this model in more detail, Stigter8? proves that such a high
fraction of counter-ions can be present in the adhering water layer solely
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on the basis of electrostatic effects. Specific adsorption potentials for Na+ or
for Cl- ions are only 0-5 R7 per mole or less.

The success of Stigter’s approach is doubtlessly due to the fact that for
these detergent micelles a great variety of thermodynamic and hydro-
dynamic data are available, and that he has attempted to fit all these data
in one model of the micelle and its double layer.

Interaction of double layers; role of solvation.

At this stage it is interesting to discuss the data on the interaction of two
double layers, mainly investigated by determining the thickness of “black”
detergent films. For low concentrations of electrolyte and high surface charge,
equilibrium film thicknesses obtained by various authorsé2-64 and for various
detergents agree rather well with values calculated on the basis of repulsion
between two Gouy layers combined with van der Waals forces. Figure 6,
taken from Scheludko’s work$3, illustrates this point.
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Figure 6. Thickness of equilibrium films of sodium oleate (10-3y) in various concentrations

of KCI at 21°C. Experiments represented by circles; the drawn line is calculated for Gouy-

Chapman double layers with a surface potential of 70 mV and a Hamaker constant 4 of
75 X 10-13 erg

For high concentrations of electrolyte, and thus for thin double layers, the
situation is less clear. Deryaguin® suggested thirty years ago that relatively
thick layers of water are so tenaciously fixed near the interface that they are
not pushed away by the usual hydrostatic and intermolecular forces acting
in films. In more recent experimentst2, % he has estimated the thickness of
these water layers at about 50-70 A on each half of the film with the conse-
quence that the equilibrium film thickness does not descend below about
120 A even at high salt content and/or low surface charge density.

There are, however, a number of results obtained by other authors in
which the existence of stable thinner films is claimed. Corkill ef a/.67 have
found films of NaDS in 0+1 M NagSOy of thickness of about 55 A (aqueous
core 20-25 A). In Scheludko’s work88 shown in Figure 6, sodium oleate
films occur which are about 80 A thick and at about 1 u salt films of about
40 A are seen, which cannot contain much more than two monolayers of
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oleate, with very little water in between. In recent experiments by Corkill,
Goodman and Ogden$® on films with uncharged surface layers, aqueous
cores with a thickness of 22-47 A have been found. Similar results, 7.e.
very thin films of ionic and non-ionic detergents, have been obtained by
Duyvis* and van der Waarde®?. These measurements are very delicate.
The thickness of the films is determined by optical methods, usually by the
reflection coeflicient for visible light, which is of the order of a few tenths
of a percent, so that accurate measurements are difficult.

The interpretation of the reflection in terms of film composition and
structure is not without some ambiguity because of the essential inhomo-
geneity of the films.

Fortunately the question as to whether the ultimate thickness of the film
is influenced by the presence of relatively thick solvation layers is considered
to be important by all concerned and it can reasonably be expected that the
experimental controversy will be solved within the next few years.

On the theoretical side one should consider whether thick solvation layers
found in the interaction of double layers are compatible with virtually no
solvation in (electro) kinetics. In principle, of course, different properties
are involved. In electrokinetics the mobility of the surface water is considered
and in the interaction it is the free energy of surface water which is important.
It is, however, difficult to see how a rather sensitive property like viscosity
can remain unaffected by a relatively strong binding.

CONCLUSION

Summarizing the situation concerning the electrochemical double layer
at this time, the theoretical developments are on the whole ahead of the
experimental data, with the exception that a good theory of solvation is still
lacking. The most important tasks for the near future are set out below.

(i) Very accurate data on the double layer capacity of mercury—water
and if possible similar data for other systems, e.g. metal-water, Agl-water,
efc., should be obtained, with the main purpose of getting better information
on the discreteness of charge effect.

(i) Electrophoresis, conductivity and other electrokinetic phenomena
for a variety of substances, ¢.g. metals, silver halides, barium sulphate, soaps,
latex, emulsions and polyelectrolytes, should be measured in order to see
whether Stigter’s conclusion of the extreme proximity of the “slipping plane”
and the interface is confirmed. Glass and quartz are less suitable on account
of possible swelling of the surface layers.

(¢7) In the field of double layer interactions the existing experimental
discrepancies should be removed. A particularly important region is that of
low charge andfor high electrolyte content. Application of a variety of
methods, not only reflection measurements on films, but also light scatter-
ing™ of films, infrared absorption, radioactive tracing®?, optical polarization
measurernentsés, and also second virial coefficients in Donnan equilibria or
light scattering, should then not only increase our understanding of thin
films and foams, but give the fundamental basis for considerations of colloid
stability, coalescence of emulsions, flotation, wetting and other phenomena of
scientific and practical interest.
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