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§1. HISTORICAL INTRODUCTION; DESCRIPTION OF ELECTRO-
KINETIC PHENOMENA

a. Generalities

In the foregoing chapters electrokinetic phenomena have been mentioned several
times (Chapter II, Chapter IV). These phenomena have been investigated exten-
sively by electro-chemists and colloid chemists because they can yield valuable infor-
mation on the electrochemical double layer .,

Although HeLmHOLTZ 2 had already indicated in principle, how the connection
between electrokinetic phenomena and the structure of the double layer has to be
interpreted, later investigations have shown that a quantitative interpretation meets
with several obstacles. Even at the present moment one cannot say that a completely
satisfactory situation has been reached. Nevertheless so many important data on the
electrochemical double layer have been derived from electrokinetic phenomena, that
we feel completely justified in devoting a separate chapter to them.

By electrokinetic phenomena we mean phenomena involving electricity and con-
nected with a tangential movement of two phases-along each other. They may arise
either from an external electric field directed along the phase boundary and resulting
in a movement, or from a movement of the phases along each other, resulting in a tran-
sport of electricity. Examples of the first kind are electro-osmosis and electrophoresis,
of the second kind, streaming-potential and migration potential.

b. Electro-osmosis

Electro-osmosis (also called electro-endosmosis) is the movement of a liquid with
respect to a solid wall as the result of an applied potential gradient. It can be observed
in an arrangement shown diagrammatically in Fig. 1.

P represents a porous plug (which may be replaced also by a single capillary tube).
When a potential difference is set up between the electrodes E; and E,, the liquid is
driven through the plug ®. This flow of liquid can be measured by the displacement of

L A very good survey on the subject has been given by H. A. ABRAMSON, Electrokinetic phenomena
and their application to biology and medicine, New York 1934 (To be cited as ABRAMSON book).

2 H. HELMHOLTZ, Wied. Ann., 7 (1879) 337.

3 Electro-osmosis must be distinguished from water transport by electrolysis, which depends only
on the constitution of the liquid and is independent of the material of the plug. It may complicate
measurements of electro-osmosis in concentrated solutions, ¢f. H. C. HEPBURN, Proc. Phys. Soc.
London, 39 (1927) 99; 43 (1931) 524; 45 (1933) 755.
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the meniscus M in the capillary tube. The direction and the velocity of the liquid stream
depend upon the properties of the plug and of the solution. In order to avoid gas being
developed at the electrodes, it will often be necessary to use reversible electrodes such
as Ag-AgClor, for larger currents, Zn-saturated solution of ZnSO,. LANGE and CRANE !
describe a set up capable of determining the electro-osmosis also in nonaqueous
solutions with electrodes of the Zn-ZnSO, type.

The use of a single capillary instead of the plug P gives the advantages of a much
easier cleaning of the apparatus, a better reproducibility of the results and an easier

Fig. 1. Apparatus for observing electro-osmosis.

interpretation. On the other hand the quantity of liquid displaced through a single
capillary is much smaller, and therefore more difficult to measure than the displace-
ment through a plug which acts as a great number of capillaries. Moreover, there are
only a few materials, (quartz, glass) from which capillaries can be made, whereas the
construction of a porous plug is always possible.

Electro-osmosis was discovered by REeuss? in 1808.and has been investigated
extensively by WIEDEMANKN ® and QUINCKE

The theoretical interpretation has been given by HELMHOLTZ °, LAMB ¢, PERRIN ’
and especially by VON SMOLUCHOWSKI ®.

c. Streaming potential

The apparatus used for measuring electro-osmosis can also be used for observing
streaming potentials, When the liquid is forced through the porous plug by an external
pressure, a potential difference (the streaming-potential) can be measured between the

L E. LANGE and P. W. CRANE, Z. physik. Chem., A 141 (1929) 225,

2 F, F. Reuss, Mémoires de la Société Impériale des Naturalistes de Moscou, 2 (1809) 327.

3 G, WIEDEMANN, Pogg. Ann., 87 (1852) 321; 99 (1856) 177.

4 G, QuUINCKE, Pogg. Ann., 113 (1861) 513.

5 H. HeLmHoOLTZ, Wied. Ann., 7 (1879) 337.

6 H. Lams, Phil. Mag., (5) 25 (1888) 52.

7 . PERRIN, J. chim. phys., 2 (1904) 601.

8 M. voN SmoLucHowsKI, cf. particularly his contribution in GRAETZ, Handbuch der Elektrizitdt
und des Magnetismus II, Leipzig 1914, p. 366, where all older literature is reviewed and already many
of the essential considerations of this chapter are given in a beautiful and refined mathematical form
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electrodes E, and E,. In this case much larger quantities of liquid are displaced, and the
resulting potential difference is much smaller than in the case of electro-osmosis. It is
therefore desirable to modify the apparatus in order to meet the special requirements
by using reversible electrodes for E; and E, (e.g., chlorinated silver electrodes) and by
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Fig. 2. Apparatus for observing streaming-potentials.

adding large reservoirs for the liquid. The set up, used for these experiments as shown
by Fig. 2 is due to KruyT !, and has since been used with various minor modifications
by the majority of investigators. A set up, in which Zn-ZnSO, electrodes can be used,
has been given by FREUNDLICH and RowNa 2,

d. Electrophoresis

By electrophoresis (or cataphoresis as it was called formerly) we mean the move-
ment of colloidal particles in an electric field. It is in every respect comparable to the
mobility of electrolytic ions and can be measured in much the same ways as those by
which ionic mobilities are determined. In the methods of electrophoresis we shall
recognise the determinations of the transport number, the moving boundary as well as
the analytical method. Moreover, the ultramicroscopic visibility of colloidal particles
offers the means of studying their electrophoretic mobility directly under the ultra-
microscope. These methods are discussed in greater detail in § 7 of this chapter,

e. Migration potential

The reverse effect of electrophoresis arises when small particles which are suspen-
ded in a liquid are forced to move, say by gravitation or by an ultrasonic or a centrifugal
field. Then an electric field is generated in the direction of the movement and a poten-
tial difference can be measured between two electrodes in the liquid, one at the top, the
other at the bottom of the vessel. This potential difference is called migration potential
or potential of falling particles and the effect is indicated as the Dorn-effect *. The
experiments are difficult and as yet only few results have been obtained *.

L H. R. KruyrT, Kolloid-Z., 22 (1918) 81.
> H. FrReunDLICH and P. RoNa, Sitz. ber. preuss. Akad. Wiss. Physik. math. Klasse, 20 (1920) 397.

3 E. Dorn, Wied. Ann., 10 (1880) 46, cf. also J. Stock, Bull. intern. Acad. sci. Cracovie, A (1913)
131; (1914) 95.

* E. F.BurtoN and J. C. CURRIE, Phil. Mag., (6) 49 (1925) 194; A.J. RuTGERS, Nature, 157 (1946) 74.
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§ 2. STARTING-POINT FOR THE ANALYSIS OF ELECTROKINETIC
PHENOMENA. THE ZETA-POTENTIAL

a. Introduction

All electrokinetic phenomena have to be explained by the interaction between a
flow of electricity and a flow of liquid in the double layer.

For the mathematical analysis of these phenomena, the precise structure of the
double layer may often be left out of consideration, the only essential feature being, that
Poisson’s equation
4 ™ p

A= (1)

is satisfied . It is customary, although not necessary, to ascribe a constant value to e
throughout the whole double layer. In many discussions the double layer has been
schematized as a single flat condenser, viz., the total charge of the liquid is thought to
be concentrated in a plane, parallel to the wall. Although this condenser layer is usually
called after HELMHOLTZ, HELMHOLTZ himself never used this image. In HELMHOLTZ'S
calculations the structure of the double layer is left completely open and it was PERRIN
who introduced the schematized condenser layer.

€

b. The flow of the liquid

As to the flow of the liquid, one postulates a purely laminar flow, with a coefficient
of viscosity, 1, having the same value throughout the whole system. There have been
some differences of opinion concerning the boundary conditions of the movement of
the liquid. In considerations using PERRIN’s condenser layer, the liquid is assumed to
be at rest in a plane coinciding with the charge on the wall. HELMHOLTZ and especially
L.amB ? have taken account of the possibility of a slip along the wall, but no experimen-
tal evidence in favour of such a slip has ever been found.

In considerations based upon the image of a diffuse double layer it has been assu-
med, for reasons to be explained more precisely in§ 3a. 2, that the movement of the
liquid does not begin immediately next to the wall, but that a layer of the liquid with a
thickness of one molecule or a few molecules, is stationary with respect to the wall.

c. The zeta-potential

It appears that, in all modes of calculation, the electrical potential in the slipping-
plane between the fixed and the flowing liquid is determinative for the electrokinetic
phenomena. This potential is usually called the zeta-potential (%).

d. Structure of the double layer

Our considerations on electrokinetics will be based upon the image of the double
layer, as developed by STERN ® and we shall consider the possibilities of a slipping-plane

1 The introduction of the dielectric constant ¢, omitted by HELMHOLTZ is due to PELLAT, cf.
J. PERRIN, J. chim. phys., 2 (1904) 607.

2 H, Lams, Phil. Mag., (5) 25 (1888) 52.

3 Cf. Chapter 1V, §4d, p. 132.
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situated in the STERN-layer, in the diffuse layer, or just in the transition plane between
the two. We too shall consider n and ¢ as constants (eventually accounting for a different
but constant ¢ in the STERN-layer). As long as concrete data concerning this point are
lacking, the introduction of a variable 1 or = would indeed result in a more general
formulation, but the arbitrariness arising therefrom would make any test delusive.

Entering upon further details of the structure of the double layer proves to be
unnecessary. It is only in the case of electrophoresis that it may become necessary to
account for the specific charges and mobilities of the ions out of which the double layer
is formed. We return to this point in section 6.

§ 3. ON ELECTRO-OSMOSIS

a. Electro-osmotic velocity
a. 1. Slipping plane in the diffuse layer

We consider the electro-osmotic movement along a flat surface under the influence
of an electric field E directed parallel to the surface. The potential-distribution in the
double-layer is given by the theory of STERN (cf. Chapter IV) and is schematically
represented in Fig. 3.

Yo

potential

L0

Fig. 3. Potential distribution in the double layer.

When the field E is applied, a stationary state is reached after a short starting
period. In this stationary state each layer, dx, of the liquid moves with a uniform
velocity parallel to the wall, because the total force on such a layer is zero. We have
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to distinguish two sorts of forces, viz., the force exerted by the external field E on
the ions in the layer and transferred by the liquid friction to the layer as a whole?, and
the frictional forces exerted on the considered layer by the neighbouring layers moving
with a different velocity.

Consequently in the stationary state

Lo d”) _.<d_"\ 231 %A 2)
S dx—n(dx,x—f—dx dx)x o dxzdx
Inserting Po1ssoN’s equation (1) we find

Ec¢ dz'\p ‘ d*v (3)

0 et

Now equation (3) has to be integrated over the whole liquid as far as it can move,
that is between x = « and the slipping-plane. Assuming for the present that the slip-
ping-plane is situated in the diffuse layer and recalling that

n Ay iﬁ) 2 (E‘i) =

forx = w ¢w~(dxl°o~0, . OO~O,
for the slipping-plane ¢ = ¢, v = 0

and calling the velocity of the liquid at a large distance from the wall vg, the electro-

osmotic velocity, we find crE

47!'/}

Vg — (4)
This classical expression for the electro-osmosis is often derived on the basis of a
condenser double-layer 2. But it follows from the derivation given above, that the same
expression is found on the basis of the diffuse double-layer, contrary to the opinion
expressed by FREUNDLICH ®.

a. 2. Slipping-plane in the STERN-layer

Assuming now, that the slipping-plane is situated somewhere in the STERN-layer,
we may describe the movement in the Gouy-layer by the theory given in § 3a. 1, resul-

ting for this case in
g cYs E

VE — Vg =—47:_,) (5)
The stationary state of the layer of adsorbed ions, situated at x = 8 is given by
Sty ) e )
E"l‘”(ﬁ GoTva 4. (a} STERN ©)

where o, is the charge of the adsorbed layer per cm?.

! That the force acting primarily on the ions, may be considered to act on the liquid layer as a
whole, is made clear by the following argument. In the stationary state the ions have uniform velocity;
so the total force on the ions must be zero. This total force is composed of the force exerted by the field
and the frictional force exerted by the liquid. In virtue of NEWTON'S law (action = reaction) a force
of the same magnitude is exerted by the ions upon the liquid and consequently the force on the liquid
has the same value as the force acting directly on the ions in the liquid.

, * For instance J. PERRIN, J. chim. phys., 2 (1904) 601.

8 H. FreunpricH, Kapillarchemie I, Leipzig 1930, p. 359.
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From the theory of electricity it follows that

aolian (ﬂ) s i(fi_‘l*)
" 4r\dx/ STERN 4 = \dx / Gouy

01

if ¢’ is the dielectric constant in the STERN-layer.
Combining this expression with (6) and recalling that

oot
4r\dx/Gouy " \dx/Gouy
We find
e
dx/Sterw " \dx/ StERN
Calling the potential of the slipping-plane again ¢, integration of (7) leads to
s e (C— 93 E
4 T 7],
With the aid of (5) we find finally
e [i-(c—,%‘) +i"§] (8)
4r 7 7
or more generally
¢
I J ©dy (82)
4 3 ”

Usually e and 7 are considered as constants. In that case the normal proportionality
between vg and ¢ is found. Some authors assume a constant value of 1 but doubt the
constancy of e and interpret the electrokinetic phenomena not in terms of ¢ but of the
moment of the double layer (f ¢ d¢). GUGGENHEIM ! proposed to call the electrokinetic
el
4

When we nevertheless retain the old method of calculation notwithstanding certain
difficulties in the estimation of dielectric constant and viscosity, this is done because
after all € is the important quantity for our knowledge of the double layer. It has to be
compared with the total potential of the double layer and with the potential of the
diffuse layer, and in this way valuable information may be obtained concerning the
internal structure of the double-layer. It was just the very early observation 2, that there
was an evident disparity between the total potential (NERNST potential) as determined by
the potential-determining ions and the ¢-potential calculated from electrokinetics which
lead to the introduction of a slipping-plane situated somewhere in the liquid and not
exactly at the phase boundary.

unit of the ""HELMHOLTZ'.

1 E. A. GucGeNHEIM, Trans. Faraday Soc., 36 (1940) 139.
2 H. FREUNDLICH and P. RoNa, Lc., page 196; H. Freunoricu and G. ETTISCH, Z. physik. Chem.,
116 (1925) 401.
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b. Volume of liquid transported by electro-osmosis

Although a direct measurement of the electro-osmotic velocity (vg) is possible 1,
it is more usual to determine the volume of liquid displaced through a capillary or
porous plug by electro-osmosis. If we consider a capillary with a constant cross-section
O, the volume displaced per sec. is given by

OCcE

4y

vol= O rvg= 9)

In this expression it is supposed that the whole mass of liquid inside the capillary
is displaced with a velocity vg. This is only exactly true for the bulk of the liquid in the
capillary, outside the reach of the double layer. The rate of displacement of the liquid
in the double layer is smaller than vr. Consequently (9) may only be applied when the
diameter of the capillary is large in comparison with the thickness of the double layer.
As the thickness of the double layer is generally smaller than 107% cm and the diameter
of the capillary is mostly larger than 107® cm the condition is amply fulfilled.

It is possible to eliminate O from eq. (9) by applying OuM’s law

O-E=—-i (10)

where i represents the current through the capillary and 2 the specific conductivity of
the liquid.

By combination of (9) and (10) the displaced volume is now expressed in the easily
measurable quantities { and A

v01=——~—‘-— (11)

Nevertheless there is a certain danger in the application of (10) and therefore of
(11) caused by the so-called surface conductance. As a consequence of the accumulation
of ions in the double layer there exists an excess conductance along the surface of the
capillary. This excess conductance may be of the same order of magnitude as the con-
ductance through the bulk of the liquid, especially in dilute solutions, and the propor-
tionality between i and 2 is lost. In that case (10) should be replaced by

OB 51 (12)

where 2 is the specific surface conductance and S the circumference of the capillary.
Then (11) becomes

et U R (13)

S s
4 remiaae O)

It is possible to determine the necessary corrections by measuring the resistance of the

~ 'c¢f. The ultramicroscopic technique for the determination of the electrophoretic velocity men-
tioned in § 7 e, p. 218,
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capillary when filled with dilute and concentrated solutions of an electrolyte * or by
applying eq. (9), where the conductance through the capillary plays no part.

c. Electro-osmosis through a plug of arbitrary geometry

It is the merit of VoN SMoOLUCHOWSKI ? to have shown that equation (11) retains
its validity, if in the experiment of electro-osmosis the capillary is replaced by a porous
plug. His demonstration proceeds along the following lines.

In a porous plug, in which the diameter of the pores is much larger than the thickness
of the double layer, the lines of force of the applied electrical field in the double layer run
practically parallel to the walls of the pores. They cause an electro-osmotic movement
of the liquid along the wall, Just outside the double layer the velocity of the liquid (u)
is directed parallel to the wall and its value is given by

_etE

Ty

where E is the local field strength, which is also parallel to the wall because the material
of the plug is considered to be an insulator.

(14)

Now we have to consider how the liquid flows through the plug if the velocity of
the liquid is given by (14) everywhere at the boundary between plug material and
liquid. The liquid is practically incompressible and the electricity too flows as if it were
an incompressible liquid. As the flows of electricity and of the liquid at the boundary
are parallel and proportional to each other the most simple and obvious solution of the
problem is the supposition that (14) holds not only at the boundary but throughout the
whole liquid phase.

The above may be expressed by a more rigorous formalism. The electric field is determined by
the condition
divE =0andcurl E =0

with the boundary condition that the component of E perpendicular to the wall is zero.
The liquid stream obeys the equation (for slow laminar motion)
divu = 0and m curl curl u = — grad p

The value of v at the wall is given by (14) and the pressure (p) is equal on both sides of the plug.

Then (14) is satisfied through the whole liquid in the plug. As curl E = 0, curl u = 0 too and conse-
quently p = constant. If p is different on the two sides of the plug an ordinary flow of liquid under
external pressure is superimposed on the electro-osmotic flow (14) cf. § 3d.

To convert eq. (14), valid for any point of the liquid into the integral expression
(11), we have to integrate (14) over the whole cross-section of the diaphragm.
The total electrical current i is given by

i:fExm (15)

where the integral has to be taken over a complete, though arbitrary cross-section.

! ABRAMSON bcok, page 97; J. J. BikermAN, Kolloid-Z., 72 (1935) 100; H. L. WHITE, B, MONAG-
HAN, and F. URBAN, J. Phys. Chem., 40 (1936) 207; P. W. O. W1jca, Thesis, Utrecht 1946.
2 M. VON SMOLUCHOWSKI, Bull. intern. acad. sci. Cracovie, 1903, p. 184.
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The total amount of the liquid passing per second is
vol = f udo

which by applying (14) and (15) can be transformed into

eCE el Rt a
Jud(o——J 4TW] dcoﬁ4nnJ‘Edm— 4_”1‘ ~)—

Herewith the validity of (11) for an arbitrary plug is demonstrated. For the case how-
ever, where the plug has a considerable surface conductance not only doeseq. (11) no
longer describe the electro-osmosis, but it is impossible to apply a correction for it, as
was done for a single capillary. Experiments by Wijca ! and theoretical work by
OverBEEK and W1jca * and by VAN Est? lead to the conclusion that safe results with
plugs can only be obtained if the surface conductance is negligible.

d. Electro-osmotic counter pressure

Another method of determination of the electro-osmosis consists in the measure-
ment of the counter pressure generated by the electro-osmotic displacement of the
liquid. This counter pressure causes the liquid to flow back through the capillary or
plug. In the stationary state the electro-osmotic flow is just counterbalanced by the
backflow.

The pressure-head P, which may be measured in an apparatus such as Fig. 1 with
an oblique or vertical capillary C, is for the case of electro-osmosis through a single
capillary determined by POISEUILLE's law

wPré mrie UE

e 87]1: 4 1y
2¢ELC ety [ ¢
or P = e (16)

The method can also be applied to the electro-osmosis through a plug * (without
surface conductance).

We postpone the extensive discussion of the results of electro-osmotic experiments
until after the treatment of the other electrokinetic phenomena, because we are less
interested in the electrokinetic phenomena themselves than in the {-potential as a
common feature of them all.

At this point we mention only that the linear dependence on the field-strength E,
the current i, the proportionality of P with E/r* (eq. (16)) and the independence of the
displaced volume of the dimensijons of the diaphragm have been repeatedly tested and
confirmed °.

1P, W. O. WijcA, Thesis, Utrecht 1946.

27, TH. G. Overseek and P. W. O. Wijca, Rec. trav, chim., 65 (1946) 556.

3 W, T. VAN Est, unpublished work.

4 See ABRAMSON book, page 59.

5 G, WIEDEMANN, Pogg. Ann., 87 (1852) 321; 99 (1856) 177; G. QUINCKE, Pogg. Ann., 113 (1861)
513; M. DE SmET, Mededeel. Koninkl. Viaam. Acad. Wetenschap. Belg. Klasse Wetenschap., 3 (1941)
no. 12, p. 14.
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§ 4. STREAMING POTENTIALS

A calculation of the streaming potential can be based upon the following considera-
tions (see Fig. 2). The difference of pressure applied to the ends of the capillary (or to
both sides of the porous plug) causes a flow of liquid through the capillary. This liquid
stream carries along with it the charge of the double layer and so is the bearer of an
electric convection current. As a consequence of this transport of charge a potential
difference arises between the ends of the capillary, which causes a conduction current
through the capillary directed oppositely to the convection current. In the stationary
state, the convection current, which is proportional to the pressure difference P, just
counterbalances the conduction current, which is proportional to the potential difference
E. Consequently the streaming potential £ is proportional to the pressure P. The factor
of proportionality can be determined by a reasoning given below in small print, and is

equal to
q E e
P 4 mqx

independent of the dimensions of the plug or capillary X, Conditions which are to be

satisfied for the validity of eq. (17) are:

a. Theflow of the liquid must be laminar, a condition which is easily fulfilled in practice.

b. The radius of curvature of the capillary or of the pores of the plug must be much
larger than the thickness of the double layer.

c. The conductance determining the conduction current should depend solely on the
bulk conductivity of the liquid. The surface conductance should not play a part of any

importance. If this condition is not fulfilled, as is very often the case, corrections can
sometimes be applied to which we shall return later on.

(17)

A derivation of eq. (17) will now be given for a plug of arbitrary geometry.
The convection current iy, through an arbitrary (not necessarily plane) cross section of the plug
or capillary is given by

i, = f vn p df (18)

where vn is the component of the velocity of
the liquid normal to df, p the charge density,
and df an infinitesimal part of the cross
section. With the aid of PoissoN’s theorem
(18) may be transformed into

i1=—fn—JvnA¢df (19)

If the extension of the double layeris
small compared with the curvature of the
circumference of the cross section f, 4 ¢ may
be put equal to d*)/dN? where N is the
normal to the wall of the pores and df can ; ;
be replaced 2 by dSAN where dS is an Fig. 4. Cross-section through part of the plug.
element of the circumference (see Fig. 4).

This approximation is permissible because oaly that part of fis important where 4 { is significantly

A
1 Just as in the case of electro-osmosis the product €5 valid for a slipping-plane in the Gouy-
¢ N

ayer, may be replaced by f 5 % d{ for a more general case.

2 At its circumference the cross section f is supposed to be perpendicular to the wall.
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different from zero. Eq. (19) may then be transformed in the following way by partial integrations

TEe S € , s dg hagey: a2y i dvn  dd =

J
i € dvn € d Un
-“EJCWC‘S“E”MN%“N“ )

ov
The product T}V— dS may be replaced by curl v + d.S because the n and IV components of curl vdo
dvy
on

So the expression for i; becomes

i = —Z% J curl vds — = JJ ¢ ‘;;2 dNds

which with the aid of STOKES’ theorem transforms into
3 el ! € O%vn
fm [ curln curl 'v df — e JJ d INE o5 dNdS

52
The second.term may now be neglected because 5 Nv;

of magnitude but ¢ is only comparable to € in a very thin layer near to the wall.
Now the hydrodynamic equation for laminar movement
7 curl curl v = — grad p
(p is the hydrostatic pressure) can be applied and i is found to be

is zero.

not contribute to the product and

and curln curl v are of the same order

i = < [ gradn p df (21)
J
The conduction current i, is equal to
b atie f A gradn V df 22)

where V is the potential caused by the streaming of the liquid.
In the stationary state i; has to be equal to — i, and thus

f gadh Vof
fgrad,.pdf gl
; g : gradn V | £
If in every cross section the quotient ————— is equal toe /4 7 7 A the ratio E/p between two
gradn p

points on the two sides of the porous plug has the same value, so that the validity of equation (17) is
demonstrated for a general case, provided the conditions a-c mentioned above are applicable,

The constancy of the quotient E/p has been repeatedly confirmed ! provided the
pressure was not so high as to cause turbulent flow.

1 ¢f. H. B. BuLy, Kolloid-Z., 66 (1934) 20; H. R. KruyT and P. C. VAN DER WILLIGEN, Kolloid-Z,.,
45 (1928) 307.
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In many researches on streaming potential a relatively low value of E/p was found
when the solution contained little or no electrolyte. Formerly this has been ascribed
to a low value of the {-potential. By later investigations it has become clear that for
these very dilute solutions the condition b mentioned on page 204 is no longer fulfilled.
The bulk conductivity » is so small that the surface conductance begins to play a role
and the return current i, is larger than the normal value given by equation (22). This
results in a depression of the value of E.

It is not difficult to make the necessary corrections for the surface conductance, if
the streaming potential is determined for a capillary of radius r. In that case the return
current is proportional to (s is the specific surface conductance)

mr2A-F27nr e

instead of to =722 and the corrected equation for the streaming potential becomes

el

gt e e (23)
41:7](1%— . h)

r

The correction can be applied either by a direct evaluation of the resistance of the capil-
lary *or by a comparison of the streaming potentials in capillaries of different diameters®.
If the streaming potential is determined in a porous plug, an analogous correction has
been applied by various authors 2, but just as in the case of electro-osmosis this correc-
tion is too simple and leads usually to values of the {-potential whichare smaller than
the real ones.

§ 5. RELATION BETWEEN ELECTRO-OSMOSIS AND STREAMING
POTENTIAL

Comparing the relations (11) for electro-osmosis and (17) for streaming potential
one observes that both phenomena can be described by the same constant

vol E e

D

Even when the correction for surface conductance is applied to a single capillary
(eq. 13 and 23) relation (24) is found to remain valid.

It has been shown by MAzur and OVERBEEK * that the validity of this relation is of a

very general character and a direct consequence of ONSAGER’s ® principle of reciprocity
of irreversible phenomena.

(24)

LH. L. WHITE, B. MonAcHAN, and F. URBAN, J. Phys. Chem., 40 (1936) 207; P. W. O. W1jGa,
Thesis, Utrecht 1946. A. J. Rutcers and M. e SMET, Trans. Faraday Soc., 43 (1947) 102.

2 A. J. RutGeRrs, Trans Faraday Soc., 36 (1940) 69.

3D. R. Brices, J. Phys. Chem., 32 (1928) 641; W. M. MarTIN and R. A. GORTNER, ibid., 34
(1930); H. B. BurL and R. A. GORTNER, ibid., 35 (1931) 307.

4 P. Mazur and J. Ta. G, OVERBEEK, Rec. trav. chim. 70 (1951) 83; cf. also J. TH. G. OVERBEEK
and P, W. O. WijcaA, Rec. trav. chim., 65 (1946) 556,

7 L.. ONSAGER, Phys. Rev., 37 (1931) 405; 38 (1931) 2265; H. B. G. CasimIr, Revs. Modern
Phys., 17 (1945) 343,
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The relation (24) as such has been known for a long time and it was already tested
in 1892 by SAXEN1,

This means that as far as the properties of the double layer are involved an experi-
ment on streaming potential gives exactly the same information as one on electro-
osmosis. From these experiments it is only possible to derive a value for the {-potential,
if either surface conductance is negligible or if the experiment is carried out on asingle
capillary. See this chapter § 3c p. 203.

§ 6. ON ELECTROPHORESIS

a. Theoretical treatment neglecting relaxation

The phenomenon of electrophoresis may be considered from two standpoints
which seem to differ fundamentally, but which on nearer consideration prove to lead
to exactly the same result for the velocity of electrophoresis. ,

First one may consider electrophoresis to be caused by the force exerted on the
charge of the moving particle by the applied external field, In that case it can be descri-
bed by StoxEes’ formula (in the case of a spherical particle of radius a)

e E
v——67”1a (25)

where e is the charge of the particle. This expression, however, needs to be corrected
for the influence of the ionic atmosphere (double layer) in exactly the same way as is
done for the mobility of ions in the theory of DEBYE and HUCKEL.

The other way of attacking the problem starts immediately with the electric double
layer and considers electrophoresis as the converse of electro-osmosis. Indeed, in
electro-osmosis we deal with a moving liquid and a fixed solid surface, whereas in
electrophoresis the liquid as a whole is at rest and the solid particle is in movement. In
both cases the relative movement of the liquid phase with respect to the solid surface is
controlled by the forces applied to the double layer. In this way the velocity of electrc-
phoresis can be derived directly from the equation (4) for electro-osmosis and is
given by : *

A5 CE
4my

VE

(26)

In this expression the particle is considered to be exposed to a homogeneous electric
field of strength E. The shape of the particle is of no importance just as the electro-
osmosis equation (11) is valid for an arbitrary shape of the porous plug. Restrictions
on the applicability of expression (26) are similar to the case of electro-osmosis:

o, the double-layer must be thin compared with the dimensions of the particle,

@. the particle must be insulating and the surface conductance at the interface must
be so small that the distribution of the external field is practically uninfluenced by it.

1 U. SaxEN, Wied. Ann., 47 (1892) 46.

2 If desired the expression ¢{/n can be replaced by J % dy as in equation (8a) for electro-osmosis.
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This condition is equivalent to
A gurf < Aa (27)

if a is one of the main dimensions of the particle.

For a long time eq. (26) was held to describe the electrophoresis velocity in practi-
cally all cases irrespective of the restrictions given above. But in 1924 HUCKEL ?, basing
himself upon the knowledge newly gained in the theory of the conductance of strong
electrolytes, gave another expression for the electrophoretic velocity, differing from(26)
by a factor 2/3
el
IET

(28)

VE

This expression was derived by correcting STOKES’ equation (25) for the so-called
electrophoretic retardation caused by the action of the external field on the double
layer. Under the influence of the external field the counter ions are driven in a direction
opposite to that of the particle. They impart their movement to the liquid surrounding
them and in this way cause a flow of liquid in the wrong direction. Thus it is as if the
particle does not move in a stationary liquid but in a moving liquid; the electrophoretic
velocity is decreased. The exact calculation of this effect results in eq. (28).

At first sight there seems to be a discrepancy at least in the numerical value of the
two electrophoresis equations pointing to a non-equivalence of the two methods of
calculation.

HeNRy 2, however, established that the discrepancy is not of a fundamental nature,
but is a consequence of the fact, thatin Von SMOLUCHOWSKI's calculation the deforma-
tion of the electrical field by the presence of the insulating particle is implicitly taken
into account whereas in HUCKEL's method the field in the double layer and in the bulk
of the liquid is not influenced by the presence of the particle. This last treatment is only
allowed, either if the conductivity of the particle is exactly equal to that of the liquid,
or if the dimensions of the particle are so small compared with the thickness of the
double layer that in the greater part of the double layer the deformation of the field is
not appreciable.

By an accurate mathematical treatment, resembling HUckeL's method, but now
taking account fully of the deformation of the external field by the presence of the colloi-
dal particle, HENRY was able to show that the electrophoretic velocity is in all cases
equal to fe L E/n v, the numerical factor f depending upon the value of » a, where
a is the radius of the spherical or cylindrical particle (HENRY considered only these
two shapes of the particle) and x» represents the reciprocal thickness ® of the double
layer, » being equal to

8 we? X nz?
e kT

The value of f is equal to  for a cylindrical particle with its axis in the direction
of the field, varies between 1/4 and 1/8 for a cylinder perpendicular to the field and
varies between 1/4 and 1/6 for a spherical particle, as illustrated in Fig. 5.

W=

1 E. HUCKEL, Physik. Z., 25 (1924) 204.
2 D. C. Henry, Proc. Roy. Soc. London, 133 (1931) 106.
3 ¢f, Chapter 1V, § 4c, eq. 40 p. 128.
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Thus the calculations of HENRY are in complete accord with the equation of Von
SmorucHOwsKI, demanding that f = } irrespective of the shape of the particle, when x a
is large and also in accord with HiickeL's equation for a sphere (f= 1/6 for x a is small).

HEenry also considered the influence of a certain conductivity of the particles
which alters the distribution of the electric field in the neighbourhood of the particles
completely. As can be expected this has no influence on the electrophoresis in the case
of a very thick double layer (¥ a < 1) but when the double layer is thin, the electro-
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Fig. 5. Dependence of the electrophorectic velocity on the ratio
between the radius (a) of the particle and the thickness (1/x) of
the double layer.

phoretic velocity is diminished and in extreme cases even nullified (cf. Fig. 5 where the
factor of proportionality f for a conductive sphere is given). HENRY and BRITTAIN !
demonstrated such an extreme case by showing that the electrophoretic movement of a
silver wire in a moderately concentrated solution of silver nitrate (conducting cylin-
der | field, » a> 1) is not perceptible.

In most practical cases of metallic colloidal particles, however, it is almost certain
that the influence of the conductance of the particles is neutralized by the polarization
at the surface, a polarization tension of a few microvolts ? being sufficient to stop any
further passage of electricity through the particle, In this case the particle behaves as
if it consisted of a non-conducting substance.

1D. C. HexrY and J. BRITTAIN, Proc. Roy. Soc. London, A 143 (1931) 130.
2 Usually electrophoresis is carried out at a field strength of the other of 10 volts/cm. The diameter
of colloidal particles is of the order of 107° cm, the tension over the particle being thus 10 uV.
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b. The influence of relaxation

It is necessary now to consider the different restrictions used in the derivation of
the electrophoresis equations and answer the question if these restrictions are necessary
and justified and if it is possible to indicate how the necessary corrections can be applied.
In the last part of the previous subsection, it has already been indicated how the electro-
phoretic velocity is influenced when the restriction that the double layer is thin is no
longer satisfied.

Deviations from the restriction (27) that the surface conductance is small canbe
envisaged in two different ways.

A. In the frame of VoN SMOLUCHOWSKI'S treatment of electrophoresm deviations
may result from the surface conductance of the particle. In this case the electric current
1s concentrated in the neighbourhood of the particle. In order to prevent an accumula-
tion of electricity at the limits between the highly conducting surface layer and the
weakly conducting bulk of the liquid a counter E.M.F. is generated and the electro-
phoretic velocity is decreased.

- B. In HUckeL's and HENRY's treatment of electrophoresis the reader who is familiar
with the theory of the conductivity of strong electrolytes * will have missed the so-called
time-of-relaxation effect. This effect, originating in the deformation of the double layer
also has a retarding influence on the electrophoresis. In the applied field the charge of
the double layer is displaced in a direction opposite to the movement of the particle.
Not only does this charge retard the electrophoresis by its movement (electrophoretic
retardation see § 6a), but also by the d1ssymmetry of the double layer resulting from this
displacement a retarding potential difference is set up.

Both methods A and B attack fundamentally the same problem, insofar as the
surface conductance of the first method is a direct consequence of the presence of the
double layer. In the first case the counter E.M.F. results as a stationary equilibrium
between extra supply of electricity through the surface layer and a counter current
originated by this E.M.F. In the second case the extra supply of charge from the double
layer is dispersed in the stationary state by conduction and by diffusion. So the second
method is perhaps able to describe the time-of-relaxation effect in more detail, but
fundamentally there is no difference between the two methods.

The problem of the influence of the time-of-relaxation effect on electrophoresis
has been attacked by various authors 2. They treat it in different ways and different
approximations. Owing to the mathematical intricacies their results are far from satis-
tying. More recently OVERBEEK ®, BooTH * and HENRY ° independently have given new
treatments of this effect. BooTH #* and OVERBEEK % treated the relaxation effect for
spherical insulating particles surrounded by a Gouy double layer. Bootn % and

L see e. g. D. A. MAcINNES, The principles of electrochemistry, New York 1939, p. 326 or any other
modern textbook on electrochemistry.

? H. H. PAINE, Trans. Faraday Soc., 24 (1928) 412; M. MOooONEY, J. Phys. Chem., 35 (1931) 331;
J. J. BikermAN, Z. physik. Chem., A 171 (1934) 209; S. KomAGATA, Researches Elektrotech. Lab.
Tokyo, No. 387 (1935). J.J. HErmANS, Phil. Mag., (7) 26 (1938) 650.

a, J. Tu. G. OvVERBEEK, Thesis, Utrecht 1941; Kolloid Beihefte, 54 (1943) 287; b. J. TH. G.
OVERBEEK, Philips Research Repts. 1 (1946) 315; c. See also: J. TH. G. OVERBEEK in Advances in Colloid
Science 111, New York 1950, 97—135.

‘a F. BootH, Nature, 161 (1948) 83, Proc. Roy. Soc. London, A 203 (1950) 514,

‘b F. BootH, Trans. Faraday Soc., 44 (1948) 955.

5 D. C. HENRrY, Trans. Faraday Soc., 44 (1948) 1021.
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HEeNRY * both considered the influence of a large surface conductance and found that
it could depress the electrophoretic velocity considerably, especially for small particles.

As at the moment of writing this chapter details of the treatment of BooTH?* were
not yet available, we shall now give a short description of OVERBEEK'S results, In the
provisional paper by BooTH it is mentioned that the results of these two authors are in
fair agreement. OVERBEEK found that the counter E.M.F. of relaxation is in the first
approximation proportional to ¢ for unsymmetrical electrolytes and to ¢* for symmetri-
cal electrolytes. The resulting electrophoresis equation is of the form

A foler—z) L= ) = S22 f (s ) (29)

Fig. 6 shows for a constant negative value of ¢ (50 millivolts) how f (xa, ) depends
upon the value of xa and the valency type of the electrolytes.

V=

Typical features of Fig. 6 are: small relaxation effects for small and for large % a, the spreading
of the valencies, particularly retardation by symmetrical electrolytes and electrolytes having polyvalent
cations and acceleration by polyvalent anions. These effects may be accounted for in the following way.

With a 4—1 electrolyte the charge of the double layer is mainly an excess of cations, with a 1—4
electrolyte it is a defect of anions, whereas in the case of a symmetrical electrolyte excess of cations and
defect of anions are equal. By the applied electric field the anions are transported in the same direction
as the particle, the cations in the reverse direction. It is easy to see that the excess of cations so gives rise
to a retarding field and the defect of anions to an accelerating field, which explains the valency rule of
Fig. 6. The small retardation by symmetrical electrolytes is due to a somewhat more complicated
mechanism. The small effect for small  a is analogous to the ideal behaviour of very dilute electrolytes.
As to the small effect for large » a see OVERBEEK, ref. 3b p. 210.

In using OVERBEEK's calculations on the time-of-relaxation effect one must keep

in mind that his calculations are made for the limiting case of small {-potentials (kT

< 1) and that the application to ¢ - potentials larger than 25 mV as are frequently
encountered in colloid chemistry leaves reason for doubt as to the quantitative validity.
Nevertheless several important conclusions may be drawn.

1. The relaxation correction is not important (smaller than a few percent) for
values of § << 25 mV.

2. For very small values of % a the relaxation correction may be neglected. How-
ever, these small values will practically never occur in colloids. The smallest value of
# is of the order of 10°(c = 107° mol/litre) and the smallest value of a of the order of
10~ c¢m, so that » a is practically always larger than 0.1.

3. For intermediate values of % a (0.1-100) the relaxation effect may give impor-
tant corrections if ¢ is not very small. This means that very often conclusions as to the
value of € evaluated by electrophoretic measurements of colloids are open to serious doubt.

4., For very large values of x a the relaxation effect again becomes small, This has
been proved by OVERBEEK in a more general way irrespective of the shape of the
particle so that VoN SMOLUCHOWSKI's equation (26) remains valid also if relaxation is
taken into account.

In practice these cases of very thin double layer may be found in coarse colloids
coataining a great deal of electrolyte and generally in suspensions.

1 D. C. HeNRY, Trans. Faraday Soc., 44 (1948) 1021.
? F. BootH, Nature, 161 (1948) 83, Proc. Roy. Soc. London, A 203 (1950) 514.
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Conclusion 3 is especially important as it has been the custom for a long time to
calculate C from electrophoresis experiments and it has been shown now that these
values of { cannot be trusted.

Experimental evidence for the fourth conclusion can be found in the observations
of FrReunDLICH and ABRAMSON * who found that the electrophoretic velocity of particles
of quartz and other materials coated with egg albumin was independent of the shape

67N
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Fig. 6. The influence of the relaxation for different types of electrolytes
on a negative particle. £ = —50 mV. The dotted line is HENRY’s curve,
calculated without taking account of the relaxation.

and the dimensions of the particles. As the particles used were all larger than 1 p and
the experiments carried out mostly in buffer solutions with » > 10° the condition » a
> 1 was amply fulfilled.

A remarkable fact which is less easy to interpret is the fact that the electrophoretic
velocity of pure egg albumin notwithstanding the smallness of the particles (a = 2 -
1077 cm) was found to be the same as that of the coated surfaces 2,

MoonEy ?, however, found that the electrophoretic velocity of oil droplets depended on the size of
the droplets. If the droplets were covered with albumin the influence of the size disappeared. The
explanation may perhaps be found in the special character of the double layer at an oil-water interface
(cf. Chapter 1IV).

In the smaller droplets the double layer in the oil cannot develop to its full extent with a lower-
ing of the C - potential as a consequence. Moreover electrophoretic motion within the oil phase may
complicate the phenomena.,

1 H. FreunpLicH and H. A. ABRAMSON, Z. physik. Chem., 128 (1927) 25; 133 (1928) 51, cf. ABRAM-
SON book, page 112,

2 ¢f. J. TH. G. OverBeEk, Advances in Colloid Science 111, New York 1950, p. 129.

3 M. MoONEY, J. Phys. Chem., 35 (1931) 331; Phys. Rev., (2) 23 (1924) 396.
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ABRAMSON ! and many other authors prefer to calculate the charge density o
instead of the ¢-potential from electrokinetic phenomena. In principle there is no
objection against doing this but as the calculation of o js often based upon the validity
of the simplified DEBYE-HUCKEL equations, in many cases the values of o so found are
not reliable 2. Moreover we have seen ? that in most cases the surface potential is a more
fundamental characteristic of the interface than is its charge.

§ 7. EXPERIMENTAL METHODS FOR THE DETERMINATION OF THE
ELECTROPHORETIC VELOCITY

a. Introduction

Although it has been pointed out that experiments on electrophoresis are some-
times difficult to interpret, they remain important in several respects. Firstly when the
electrophoretic velocity is small, v is proportional to ¢ and especially the zeropoint of
electrophoretic velocity and thus of the ¢-potential can be determined accurately.
Secondly when the double layer is thin, ¢ can be evaluated with confidence and finally
in the field of biocolloids electrophoretic velocity has been used to characterize different
colloids (especially proteins) and has been applied as a means of separating them.

b. The HiTTorRF method

The electrophoretic velocity may be determined in the same way as the transport
number of an electrolyte. A certain current i is sent through a colloid during a time ¢,
and the quantity of colloidal material (g) that has been displaced to anode or cathode is
determined analytically. As the charge of a colloidal particle is relatively much smaller
than that of an ion the mass of displaced material is comparatively large and this method
of determination s fairly accurate 4.

The electrophoretic velocity. is given by

Lo

cit B

Vi

when A is the conductivity of the liquid and ¢ the concentration of the colloid in
grams/cm?,

The method, despite its advantages, has seldom been used. We cite only PAINE,
Pauri, TATTJE 5.

The last named author used the HiTTORF method not only to determine the electro-
phoretic velocity but also in the same experiment the mobility of the counter ions.

L ¢f. ABRAMSON, book, page 107.

2 ¢f. Chapter IV, page 129.

3 ¢f. Chapter 1V, page 126.

4 A, TisELIUS in ABDERHALDEN's Handbuch der biologischen Arbeitsmethoden 111 B, Berlin 1929,
p. 666; W. Paurt and E. VALKS, Elektrochemie der Kolloide, Vienna 1929, p. 160.

5 H. H. PAINE, Trans. Faraday Soc., 24 (1928) 412; W. PauL1 and L. ENGEL, Z. physik. Chem.,
126 (1928) 247; P. TArtjE, Thesis, Utrecht 1941.
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c. The moving boundary method

The observation of the displacement in an electric field of the boundary between a
colloidal solution and the colloid-free dispersion medium offers another way of deter-
mining the electrophoretic velocity. A simple apparatus?
for this method is represented in Fig. 7.

The lower part of the U-shaped tube is filled with
the colloidal solution, the upper part with pure dispersion
medium. When a potential difference isapplied between
the electrodes A and B, the boundaries are displaced and
this movement can be measured fairly easily, allowing
conclusions as to the sign of the charge and the electro-
phoretic velocity of the particles.

To avoid disturbances by reaction products genera-
ted at the electrodes it has been recommended ? to put
the working (current carrying) electrodes in side tubes
and to use the electrodes A and B for measuring
purposes only.

A more serious difficulty of this method is formed
by the choice of the supernatant clear liquid. The first
requirement which has to be met, is that during the
electrophoresis the colloidal particles remain in a liquid
of constant composition because this composition may
influence the U-potential. The ultrafiltrate of the sol
has been frequently used for this purpose. If however the
conductivities of sol and ultrafiltrate are different (which
is the case when the sol is relatively concentrated and
the electrolyte content low) we get into other difficulties.
Then the potential gradient in the U-tube shows dis-
continuous changes just at the place of the boundaries, Fig. 7. Apparatus used by
where the electrophoresis has to be observed. Kruyr and ~ BURTON for the determination of

5 o DRI : the electrophoretic velocity by the
VAN DER WILLIGEN (.c.) indicated how this distribution moving boundary method.
of the electric field could be taken into account, but later
discussions by various authors ® showed that the difficulties are of a more fundamental
nature.

As follows from the discussions, the moving boundary method can only give
reliable results in two cases.

A. The contribution of the colloidal particles to the electrical conductance may be
neglected. In that case the ultrafiltrate (or a synthetic liquid having the composition
of the ultrafiltrate) is the correct supernatant liquid. The particles remain always in the

L E, F. BUurTON, Phil. Mag., (6) 11 (1906) 425; In a very simple form this method had already been
used by H. PictoN and S. E. LINDER, J. Chem. Soc., 61 (1892) 148.

2 H. R. KruyT and P. C. VAN DErR WiLLIGEN, Kolloid-Z., 44 (1928) 22.

3 W. Hacker, Kolloid Beihefte, 41 (1935) 147; Kolloid-Z., 62 (1933) 37, 66; D. C. HENrY and
J. BritTAIN, Trans. Faraday Soc., 29 (1933) 798; J. MukHERJEE, Kolloid-Z., 65 (1933) 297;
G. S. HARTLEY, Trans. Faraday Soc., 30 (1934) 648; C. RoBinsoN and J. L. MoILLET, Proc. Roy. Soc.
London, A 143 (1934) 630; J. L. MorLLer, B. CoLLIE, C. RoBINSON, G. S. HARTLEY, Trans. Faraday
Soc., 31 (1935) 120.
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same surroundings, and the potential gradient is constant so that the interpretation of
the moving boundary method offers no difficulties.

This case has acquired a great significance in the hands of A, TisELIUS !, whose

electrophoretic apparatus is now widely used to follow the electrophoresis of proteins
in pure preparation and in mixtures (see below § 7d).
B. If the contribution of the particles to the conductance is not small but if the com-
position of the sol not only with respect to the number and the charge of the sol par-
ticles but also to that of the ionic components is exactly known,
in favourable cases a suitable supernatant (colloid-free) liquid
may be found either by calculation or by experiment.

As an example ? the case of a sol consisting only of colloidal ions C+ and
an equivalent amount of counter ions A— will be treated briefly. The colloid-

M A- free solution contains an electrolyte M+ A— and is supposed to be above
the boundary of Fig. 8. The electric field is applied in such a direction that

oF = the boundary descends. The solution M A has now to obey several conditions
4 in order that this motion of the boundary be well defined and easy to follow.

In order to avoid a mixing of the two solutions M+A— has to be the lighter
of the two solutions. Furthermore the mobility of the ion M has to be
slower than that of the colloid ion C+. This has a restoring effect on small
; ; disturbances in the neighbourhood of the boundary, If by diffusion an ion
Fig. 8. Moving boun- [+ gets into the solution C+A— it will automatically lag behind and rejoin
dary between a colloi-  the original solution. Finally the concentration of M A has to be well adapted

dal'solution C+ A~ g that of the colloid so that the field strength in the upper solution is just so
and a solution Offm much larger than that in the lower one, that the difference in mobility of the
electrolyte M+ A~ ions C-+ and M+ is exactly compensated.

The number of conditions, which have to be satisfied, is so large that only in very
simple cases can a solution be found and although the moving boundary method has
given very accurate results in the case of electrolyte solutions the applicability to Collol—
dal systems remains restricted 2.

d. The Tiselius method

Although the TiseLus method is an application of the principle of the moving
boundary (§ 7c) it contains so many special features that a separate treatment is com-
pletely justified.

This method has been developed from the apparatus of BurTon sketched in Fig. 7.
In the first place the boundary between the sol and the colloid-free solution is made by
shifting two parts of the electrophoresis vessel along each other. The lower part con-
tains the sol and the upper part the clear solution (see Fig. 9).

Further the cross section of the electrophoresis tube is not round but rectangular
giving far better possibilities of observation and a more intimate contact with the

1 A.Tisertus, The moving boundary method of studying the electrophoresis of proteins, T hesis, Uppsala
1930; A. TiseLius, Svensk Kem. Tid. 50 (1938) 58; A.Tiserws, T'rans. Faraday Soc.,33 (1937) 524;
A. Tiserus, Kolloid-Z., 85 (1938) 129.

2 See for example D. A, MacINNEs, The principles of electrochemistry, New York 1939, p. 69.

3¢f. J. L. MorLLeT, B. CoLLIg, C. RoBinsoN, and G. S. HARTLEY, Trans. Faraday Soc., 31 (1935)
120, who applied this method to colloidal electrolytes of the paraffin chain salt type.
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Fig. 9. U-tube of TISELIUS apparatus, side view,
a. Working position.
b. Filling position for the upper part.
The lower part has already been filled with sol.

thermostat liquid so that greater current densities can be applied without setting up
convection currents (Fig. 10).

The determinations are usually carried out near 4° C. where aqueous solutions
have their maximum density. Consequently small temperature differences lead only to
extremely small density differences with great benefit
for the thermal stability. o

The working electrodes are of the reversible
(non-gassing) type and are placed in very large elec-
trode vessels so that the danger of
contamination of the sol by the
electrode reaction products is
avoided even in prolonged expe-

_ s riments (Fig. 11).
Fig.10. Horizontal The supernatant colloid-free
cross-section . . .
through U-tube, liquid is usually pt:epared by
dialysis. See on this point however
the remarks made in § 7c, p. 214.

Finally the observational technique has been Fig. 11. Complete electrophoresis
greatly improved. The wish to determine the electro- apparatus,
phoretic velocity of proteins and other non-coloured
solutions required a method not based upon colour differences. Nowadays the obser-
vations are usually carried out with the aid of the "Schlieren’’ method of TOEPLER in
one of its modern modifications * or with the more accurate but also more time-con-
suming scale method % These methods of observation are based upon the difference
in refractive index of the two solutions.

]
Pt I ) (N
[ ==, = . _

E cfeE /34

In Fig. 11 a parallel light beam is sketched which passes through a solution with a concentration
gradient in it. This concentration gradient involves a gradient of the refractive index. The wave front

1 1. St. L. PaIrpot, Nature, 141 (1938) 283; L. G. LonGsworTH, Ann. N. Y. Acad. Sci., 39 (1939)
188; Ind. Eng. Chem. Anal. ed. 18 (1946) 219; L. G. LoNGswoRTH, and D. A. MacINNES, Chem. Revs.
24 (1939) 271; H. Svensson, Kolloid-Z., 87 (1939) 181; Arkiv Kemi Mineral. Geol., 22 (1946) No. 10.

2 0. Lamm, Nova Acta Regiae Soc. Sci. Upsaliensis, 10 (1937) no. 6.
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of the rays which passes through the gradient and which is vertical before the cell is passed changes
gradually into a more inclined position. When the beam has passed the cell, rays passing the gradient
region are now directed downwards, the angle they make with the horizontal being a measure of the
refractive index gradient. The further observation of the diverted beam is different in the different

Fig. 12. Horizontal light beam falling on a cell with a horizontal
concentration gradient. In the middle rays the direction of the wave
fronts has been indicated.

methods. In the PHILPOT-SVENSSON method (Fig. 13) an inclined slit is placed in the plane of the normal
and the deviated image of the light source. The undeviated light passes through this slit at A. The
deviated images are the more in front of A the more they have been deviated. Now with the help of a
spherical and a cylindrical lens the cell and the inclined slit are both imaged on the photographic plate.

cell with
concentration gradient

base line

light source

inclined camera cylindrical photographic
j R ERANT plate

\
SCHLIEREN lenses slit

NN = normal image
DD= deviated image
of light source

Fig. 13. Sketch of diagonal slit "’Schlieren’ method.

As a cylindrical lens is present in the light path it is impossible that both horizontal and vertical image
of the same object are sharp. The focussing is now chosen in such a way that horizontal lines from the
cell but vertical lines from the plane of the inclined slit are truly pictured.

In the photographic plate therefore the vertical ordinate gives a measure of the place in the cell,
the horizontal one a measure of the refractive index gradient.

When no refractive index gradient is present the picture consists of one vertical line (the base
line). A gradient is indicated by a hump in the curve, the place of the maximum of this hump being a
measure for the position of the boundary, the narrowness of the hump a measure of the sharpness of
the boundary and the surface under the hump a measure for the concentration difference on both sides
of the boundary.

The same method of observation can be used in diffusion measurements and in sedimentation
measurements with the ultracentrifuge.
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The TrseLius method of determining electrophoresis has been especially impor-
tant in the investigation of proteins and other hydrophilic colloids. One of its essential
features is the possibility of determining electrophoresis in a mixture of different pro-
teins. The Schljeren picture then contains two or more different humps. Another inter-
esting feature of the method is the possibility of using it for the separations of mixtures
of proteins.

e. The (ultra) microscopic method

In the microscopic or the ultramicroscopic method, the movement of individual
particles in the electric field is observed under the microscope (or ultramicroscope,
when the particles are small). An advantage of this method over the moving boundary
method is the fact that the particles remain and are observed in their natural surroun-
dings. No difficulties arise from
the complicated conditions at ¢
the separation plane of sol and  Vsec [ |

colloid-free liquid. Another ad- /-.'\

vantage of the microscopic S—
method consists in the small
quantities of colloidal solution

necessary for a determination. \
The colloidal solution is v, /
placed in a cell of rectangular 3 \

or circular profile. The electro- \

phoretic motion of the particles

is observed microscopically, 2
whereby the time necessary to
cover a certain distance is
determined. As the particles are
subject to BRowNian motion, it \
is necessary to take the average 0 o

of several determinations.
Moreover the liquid as a whole

has a rather complicated move- =Y = \

I

ment on account of the electro-
osmotic movement along the
walls of the cell. This electro- 0 025 050 0.75 1.00
osmotic movement tries to dis- —————= relative depth of the cell

place the liquid in the direction  Fjg, 14, Observed velocity of oil droplets at different depths
of one of the electrodes, thereby  of the cell. The drawn parabola corresponds to the theoretical

enerating a difference of pres- equation (33) with an electrophorgtie velqcity of 3.18 - 10~
Sgure betwgeen the extremitiis bF cm?/V. sec. and an electro-osmotic velocity of 4.50 - 10~*

2
the cell. As a consequence of R
this pressure difference a re-
turn flow of liquid exists, obeying the laws of laminar flow. In the stationary state,
the total transport of liquid must be zero, by a balancing of the two flows mentioned
above. This does not imply, however, that the liquid is at rest everywhere, because
the return flow is strong in the middle of the cross-section and weak near the walls
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of the cell, whereas the electro-osmotic flow has a constant velocity all over the cell %,

This velocity of the liquid is superimposed on the electrophoretic velocity of the
particles and the only thing that can be measured directly is the sum of the two. Now
the value of this sum is strongly dependent upon the place of the cross-section of the
cell where the velocity is measured. A good example is given by Fig. 14, from the work
of ELLIS 2 Where the measured velocity in a rectangular cell is plotted against the height
of measurement in the cell.

One method of correcting for the flow of the liquid would be to use the fact that
as a whole the liquid is at rest. So it would be possible to evaluate the true electro-
phoretic velocity by taking the average value of the observed velocity over the whole
cross-section of the cell. It is, however, more practical to determine the profile of the
liquid flow from theoretical considerations, and then measure the electrophoretic velo-
city directly at a place of the cross-section, where the liquid is at rest.

For a cylindrical cell with a radius a this place may be determined as follows. The
velocity of the liquid, being the sum of a constant electro-osmotic flow, V.., and a
return flow following the law of POISEUILLE, is given by

e = (31)

where r is the distance from the axis of the cylinder, and C a constant.
The value of C is determined by the condition that the total flow through a cross-
section must be zero, or

0 a*
So the flow of liquid obeys

a
J 2nrvdr=0 or C=2v“'°'

2
s = o1 (32)

Very near the wall, i.e., when r = a, the true electro-osmotic velocity (v == v,.,.)
is found. In the middel of the cell, (r = 0), the velocity has the same value but the
opposite direction and the velocity zero is found when 2r?/a*> — 1 = 0 or when
r =% /2. This means that in a cylindrical cell the true electrophoretic velocity can
be measured at a distance 4 a J/ 2 from the centre or at a distance from the wall equal
tod (1 — 4 V'2) == 0.1464 times the diameter.

In very much the same way the profile of the flow and the place where this flow
is zero in a rectangular cell can be calculated. When the depth of the cell is d, and the
distance from the top or bottom A, equation (32) is replaced by (33) for an infinitely
large cell.

vy

(33)

e o

Chesiis
bl
Insucha cell v = 0 when h/d =0.2113,In a cell with a finite breadth (b) the profile is

1 In the moving boundary method the same complications would arise. Only in this case the return
flow caused by the pressure has a practically constant value over the whole cross section if the U-tube
used is sufficiently wide.

? R, ELLIS, Z. physik. Chem., 78 (1912) 321.
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more complicated and the distance from the wall where v = 0 depends on the ratio of
breadth and depth of the cell. (On the supposition that the measurement is carried out
in the middle of the breadth).

Table 1* shows that as soon as the cell is not extremely flat (b/d << 20) the value
of h where v = 0 deviates markedly from the value for b = co.

TABLE 1

h, = height where the liquid is at rest in a rectangular electrophoresis cell.
d = total depth of the cell. b = breadth of the cell.

b/d hy/d
3,183 0.162
10.0 0.194
20.0 0.202
50.0 0.208
A 0.2113

For accurate measurements it is always necessary to determine if the liquid motion is symmetrical
around the axis of the cell, especially if rectangular cells are used cemented together from plateglass,
because in this case a difference between the top and bottom plates may introduce serious dissymmetries.

The microscopic method, apart from giving a value for the electrophoretic velocity
can also be used to determine the electro-osmotic velocity. The movement of the liquid,
as described by the eq. (32) or (33) cannot be measured directly but if the liquid con-
tains particles in suspension and if the movement of these particles is determined for at
least two different heights the velocity of the electro-osmosis may be evaluated. In the
circular cell for instance

Veo. = Vr—a — Ur— &a'\/a
or Veo. = Vr=4}a V2—Ur=o

This last equation especially offers an accurate way of determining the electro-osmotic
velocity.

Microscopic measurements of electrophoresis have been carried out in a number
of different ways. One of the more standard types ? of cells is sketched in Fig. 15, This
cell, frequently used in biochemical work, contains reversible electrodes (zinc rods in
saturated ZnSQO,).

The field strength is determined either with the help of measuring electrodes in
the middle part of the cell or by calculation from the current, the conductivity of the
liquid and a cell constant.

A cylindrical cell based upon the same principle has been developed by MATTSON 2,
who used a thick-walled capillary ground flat at the place of observation.

Another type of cylindrical cell has been described by VAn GiLs and KruyT * and
improved by TROELSTRA and KRruvT ®. This cell using a thin walled glass capillary allows

L], ALLEN, Phil. Mag., 18 (1934) 488; S. KomAGATA, Researches Electrotech. Lab. Tokyo,
Comm. No. 348 (1933).

2 H. A. Asramsowm, J. Gen. Physiol., 12 (1929) 469; J. Phys. Chem., 36 (1932) 1454,
J. H. NorTHROP and M. Kun11z, J. Gen. Physiol., 7 (1925) 929.

% S. MATTSON, J. Phys. Chem., 37 (1933) 223.

* G. E. Van Giis and H. R. Kruyr, Kolloid- Beihefte, 45 (1936) 60.

5S. A. TroeLsTRA and H. R. Kruvrt, Kolloid-Z., 101 (1942) 182.
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a very accurate control of the temperature. This cell allows greater accuracy than that
of MATTSON, except when the concentration of the electrolyte is high, because the ""VAN
Givs” cell does not contain reversible electrodes.

In the foregoing it has been assumed that the particles whose electrophoretic
mobility is to be measured can be made visible either in the microscope or in the ultra-

solution to
be measured

outlet

objective of
microscope

ety three way
G N N e cock
T Nl Q
condensor

Fig. 15. Micro-electrophoresis cell.

microscope. Consequently the method seems to be inapplicable to hydrophilic sols,
where the particles cannot be observed separately. Nevertheless even in this case the
microscopic method can often be applied when the hydrophilic colloid is adsorbed on
small particles, for example, of quartz or carbon. The electrophoretic mobility of these
(easily visible) adsorption complexes appears often to be the same as that of the free
colloids (cf. § 6b, p. 212 of this chapter and Ch. VII of vol, II).

§ 8. POTENTIALS OF MOVING PARTICLES

The potential differences caused by the movement of particles through a liquid have
only been investigated very rarely and rather superficially. The technique is difficult and
it is not to be expected that the experiments will give additional information to the
results of the other electrokinetic phenomena. We mention here the experiments of
Dorn %, BILLITER 2, MAKELT® and STock ¢, the last of which could confirm Von SmoLu-
CHOWSKI's ® equation for this phenomenon.

= (58— ¥ 34
e e (34)

1 E. Dorn, Wied. Ann., 10 (1880) 70.

% J. BILLITER, Ann. Physik, (4) 11 (1903) 937.

3 H. FrReuNDLICH and E. MAKELT, Z, Elektrochem., 15 (1909) 161.

471, Stock, Bull. intern. acad. sci. Cracovic, A (1913) 131; (1914) 95.

® M. Von SwmorucHowskKI, Graetz Handbuch der Elektrizitit und des Magnetismus 11, Leipzig
1921, p. 385
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where ris the radius of the falling spheres, n their concentration, § and &' the density
of the spheres and of the liquid, n the viscosity, A the specific conductivity and g the
gravitational constant.

A later investigation of Burton and Currik ! with shot falling through water and
organic liquids is again only of a qualitative character.

Recently the method has been taken up again by RUTGERs and Jacoss * who used a
centrifugal field instead of a gravitational field and found with this method a ¢ - po-
tential of 87 mV for an As,S;-sol, a very plausible value.

An analogous effect can be measured if a suspension or sol is subjected to ultrasonic
vibrations. As a consequence of the difference in motion between the particles and the
dispersion medium potential differences are generated between the nodes and the
antinodes of the ultrasonic wave 2.

§ 9. A COMPARISON OF THE RESULTS OF DIFFERENT ELECTRO-
KINETIC PHENOMENA. THE VALUE OF ¢ IN DIFFERENT
CIRCUMSTANCES

a. Comparison of different methods

In the foregoing sections it has been pointed out, that an evaluation of the ¢-
potential from electrokinetic phenomena meets with many difficulties. In most of the
older investigations the influence of the surface conductance and of the time-of-relaxa-
tion effect has not been fully distinguished. So, although there exists a great number of
investigations on electrokinetics, only relatively few can be accepted as a basis for com-
puting ¢-potentials. In order to ascertain whether the notion of ¢ has got a base in
reality, it will have to be verified if identical values for the {-potential are found,
irrespective of whether it has been evaluated from electrophoresis, electro-osmosis or
streaming-potential.

a. 1. Electro-osmosis and streaming potential

In the first place electro-osmosis may be compared with streaming potentials.

In this case identical conditions at the interface can be provided without difficulties
by the use of one apparatus where the same liquid and the same diaphragm is used for
the two experiments, It follows from § 5 eq. 24 that E/P has to be equal to v/i, both
being equal to e ¢/4 mn) when surface conductance is absent. This equality has
already been tested by SAXEN * who could confirm it for relatively concentrated solu-
tions. For pure water, however, he found deviations from equality. Some results of
SAXEN are shown in table 2 giving values of E/P from streaming potentials and v/i from
electro-osmosis for the same diaphragm of clay.

1 E. F. BurtoN and J. C. CUrrIg, Phil. Mag., (6) 49 (1925) 194.

2 G. Jacoss, Mededeel. Koninkl. Viaam. Acad. Wetenschap. Belg. Klasse Wetenschap., 7 (1945)
no. 4; A. J. Rurcers, Nature, 157 (1946) 74.

3P, DEBYE, J. Chem. Phys., 1 (1933) 13; J. J. HErRMANS, Phil. Mag. (7) 26 (1938) 674;
A. J. RuTGERS, Physica, 5 (1938) 46; A. J. RutGERs, Nature, 157 (1946) 74; J. Vipts, Mededeel, Koninkl.
Viaam. Acad. Wetenschap. Belg. Klasse Wetenschap., 7 (1945) no. 3.

4 U. SaxiiN, Wied. Ann., 47 (1892) 46.
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TABLE 2
COMPARISON OF ELECTRO-OSMOSIS AND STREAMING POTENTIALS

[
Solution ‘ v'i E'P
0.0174 molar ZnSO, l 0.360 0.352
0.0261 ,, ) 0.382 0.379
0.0348 ,, & ( 0.346 0.344

That SAXEN found a difference between E/P and v/i for very low concentrations
of electrolyte must be ascribed to an inadequate experimental technique, as this equality
is of a fundamental nature, independent of the specific conditions in the plug (see §5).

In later years the equivalence of electro-osmosis and streaming potentials has been
tested again. In this respect the work of RUTGERS and collaborators and that of Wijca
deserve special attention. In the earlier experiments of RuTGERrs ! and his school a
systematic difference was found between ¢ z.0. and ¢ s.p. for glass capillaries. Later

l;’_pofem‘-/'d/ ‘ ( 4 { ( i
inmV | ‘ \ ] 1 1
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Fig. 16. C -potentials of pyrex glass evaluated from electro-osmosis (*) and

from streaming potentials (X ) as a function of the concentration of electrolyte.

The data for KNO, derived from electro-osmosis should probably be disregarded

owing to a different treatment of the capillary, as in this case the water value
(c = 0) is abnormally high.

1 A. J. Rurcers, E. VERLENDE, and MaA., MOORKENS, Proc. Acad. Sci. Amsterdam, 41 (1938) 763;
E. VERLENDE, Proc. Acad. Sci. Amsterdam, 42 (1939) 764; A. J. RutGers, Trans. Faraday Soc.,
36 (1940) 69; M. DE SMET, Mededeel. Koninkl. Viaam. Acad. Wetenschap. Belg. Klasse Wetenschap..
3 (1941) no. 12, 14; 4 (1942) no. 4, 8.
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experiments ! of the same school of investigators showed, however, a complete accord
between electro-osmosis and streaming-potentials.

In Fig. 16, taken from WijcaA’s work ?, the {-potentials of a glass capillary in con-
tact with solutions of electrolyte have been plotted against the concentration. The
values found with streaming potentials (crosses) and with electro-osmosis (dots) fall
on the same curve,

The deviations between the two methods for small concentrations of KNO, must be explained by
different treatments of the capillary as in this case the { - value for pure water as found by electro-
osmosis was abnormally large (153 mV against 137-140 mV in all other cases).

MownacHAN, WHITE and URBAN ® who determined the zero-points of electro-
osmosis and of streaming potential of glass in contact with solutions of salts like AICI,
or ThCl,, reversing the sign of the charge, found a difference between electro-osmosis
and streaming potentials, in this respect, that the zero-point was reached for a lower
concentration in streaming potentials than in electro-osmosis. The explanation probably
is that these solutions contain such a small quantity of the polyvalent ion that they are
not sufficiently buffered in this respect. In the experiments on streaming potentials
much larger quantities of liquid are used which keeps the effective value of the ionic
concentration at a higher value. If the glass was covered with gelatin, the iso-electric
points were found at exactly the same pH for electro-osmosis and for streaming
potential.

a. 2. Electrophoresis and electro-osmosis

The equivalence of electrophoresis and electro-osmosis has also been repeatedly
tested..It has been explained in § 6b that reliable values of the {-potential can only be
calculated from electrophoretic measurements if the time-of-relaxation effect'can be
neglected. If ¢ is not very small this is only realised in the case of large particles with a
thin double layer. It follows from HENRY's considerations (cf. § 6a) that just in this case
the electrophoretic velocity is equal to the velocity of electro-osmosis, both obeying the
equation of HELMHOLTZ-SMOLUCHOWSKI (4, 26). This equality can be demonstrated
very clearly by the ultramicroscopic method for the determination of the electrophoretic
velocity.

Near the wall of the cell, the electro-osmotic flow just counterbalances the electro-
phoretic velocity when the {-potentials of the wall and the particles are identical.
The great difficulty of this method of testing is to get small particles and a flat (or cylin-
drical) wall having exactly the same electrokinetic properties.

Satisfactory results have been obtained by covering both the particles and the wall
with a layer of a protein which is readily adsorbed thereon and makes them as far as
electrokinetics are concerned absolutely equal. The concentration of protein in the
liquid necessary to reach a complete covering is often astonishingly small (co 0.01 %).

1 M. DE SMET, Mededeel. Koninkl. Vlaam. Acad. Wetenschap. Belg. Klasse Wetenschap., 7 (1945)
no. 5; A. J. Rutgers and M. DE SwmeT, Trans, Faraday Soc., 43 (1947) 102.

2P, W. O. Wijca, Thesis, Utrecht 1946.

3 B. MonaGHAN, H. L. WHITE, and F. UrBAN, J. Phys. Chem., 39 (1935) 585; cf. also R. DuBo1s
and A, H. RoBERTS, J. Phys, Chem., 40 (1936) 5, 43.
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velocity P Fig. 17 shows a plot of the velocity of

ofithe / Y the particles in an electrophoresis cell

particles / \\ p - : P S15.cell,
/ \ covered with a protein.

/ \ There is no doubt that the velocity

// \ of the particles, when extrapolated to

/ \ the top and bottom of the cell, would

// \\ be zero, thereby demonstrating the

equality of the electrophoresis and
electro-osmosis %

/

=+ |E \\ In Fig. 17 the dotted parabola has been
i \ constructed for an electro-osmotic velocity 1
times as large as the electrophoretic velocity.
» \ This .ratio is expected if the electrophoresis is
/ height in the cell \ described by H{CKEL's equation, v = (/6 w 7
/ \ and the electro-osmosis by SMOLUCHOWSKI'S

1 equation, v = e /4 @n.

Tetton o The same sort of experiments with
: ! ey, . dilute solutions instead of concentrated

Fig. 17. Velocity of particles in an electrophoresis 3 >

cell. The particles and the walls of the cell are com- buffer solutions gave rise to a rather

pletely covered with a protein. The drawn parabola sharp controversy between ARRAMSON

constructed in the supposition that the electro- and MovERrR? and WHITE® and collabora-

osmotic and electrophoretic velocities are equal, :
fits the data very well. In the dotted parabola the tors. ABRAMSON and MovzR find equahrly

electro-osmotic velocity is supposed to be 1} times of elgctro-osmosx§ and elgctrophoresxs
the electrophoretic velocity. even in the most dilute solutison, whereas

WauITE finds that the electrophoretic
velocity is smaller than the electro-osmotic velocity, the more so, the more dilute the
solution. From a theoretical point of view (cf. § 6b) a deviation in WHITE's direction
would be expected.

a. 3. Electrophoresis and streaming potential

In the few cases * where this comparison has been carried out, ¢ calculated from
streaming potentials proved to be equal to ¢ calculated from electrophoresis.

BuLL found deviations with quartz and cellulose. In the case of cellulose they might be explained
by a conduction of electricity through the swollen cellulose. For the case of quartz no explanation is
offered.

a. 4. Conclusion

Although the material is anything but abundant, and not in all points absolutely
conclusive, we may nevertheless conclude that the three electrokinetic phenomena are

1 ABRAMSON, book pg. 120; H. A. ABrAMSON, J. Gen. Physiol., 16 (1932) 1; H. A. ABRAMSON and
L. S. MOYER, J. Gen. Physiol., 19 (1936) 727. L. S. MOYER, J. Phys. Chem., 42 (1938) 71, 391.

2 H, A, ABRAMSON and L. S. MovERr, J. Gen. Physiol., 19 (1936) 727; L. S. MOYER, J. Phys. Chem.,
42 (1938) 71, 391.

8 H. L, WHITE, B. MoNAGHAN, and F. URBAN, J. Phys. Chem. 39 (1935) 611, 925; H. L., WHITE
and L. Fourr, J. Phys. Chem., 42 (1938) 29.

1D, R. BricGs, J. Am. Chem. Soc., 50 (1928) 2358; H. A. ABRAMSON, J. Am. Chem. Soc., 50 (1928)
390; H. B. BuLy, J. Phys. Chem., 39 (1935) 577.
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all equivalent, and allow us to evaluate a same value for the {-potential from different
experiments.

This emphatically strengthens our belief in the reality of  and justifies the method
of approach to the electrokinetic phenomena as given in the preceding sections.

This does not imply, however, that we are now able to evaluate the exact value of { from electro-
kinetics. There remains an incertainty as long as we do not possess separate evidence of the constancy
of ¢ and 7 in the double layer. All electrokinetic phenomena are governed by the quantity

£
fnd‘J

which can only be simplified to

if € and 7 are considered as constants.

A case where the notion of the {-potential probably becomes unsound, is found in
the electrophoresis of macromolecules (gum arabic or other long-chain charged colloids)
where the slipping plane with a more or less constant potential cannot very well be
imagined.

b. Examples of {-potentials

b. 1. Glass-water interface

Very extensive researches have been carried out on the {-potential of the inter-
face glass-water. Glass has a great many advantages for this work. It exists in plate-
form, as diaphragms, as fine powder; capillaries can be made of it. The possibilities of
using it as a glass-electrode can give information about the variations of the total poten-
tial drop (c-potential) between the two phases. From a chemical point of view there are
some disadvantages too (intricate composition, lack of definition, extraction of the
surface layer by prolonged contact with water) but most authors have taken these into
the bargain.

Owing to the chemical differences no two researches in this field can be compared
quantitatively although as a rule there is a good agreement in a qualitative way.

A typical result ! is shown in Fig. 16 from Wijca's 2 work on electro-osmosis and
streaming potentials.

If ¢ is plotted against the logarithm of the concentration straight lines have been
found in many cases. Thus { can be represented by

= A-Blogc (35)

Figures 16 and 183 clearly show the different influences on the ¢-potential.
OH~ and H*-ions are potential-determining ions. So a small increase of OH--ions
increases the (negative) {-potential whereas H*-ions make it decrease. For somewhat

1 In older investigations often not only the curve for KOH but also those for other electrolytes
show a maximum for low concentrations. This effect, the depression of { for very low concentrations,
however, has to be ascribed to not taking account of the surface conductance, which has a tendency to
lowering the values of E/P especially for dilute solutions.

2P, W. O. WA, Thesis, Utrecht 1946.

3¢f. A. J. RutGERs, and M. pE SMET, Trans. Faraday Soc., 41 (1945) 758.
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larger concentrations all electrolytes effect a decrease of %, the more so, the larger the
valency of the cation (cf. rule of ScHuLzE and Harpy, Ch. VIII).

Fig. 19* shows that some electrolytes are capable of reversing the sign of the ¢-
potential.

Both Figs. 18 and 19 show that at very low concentrations ¢ becomes nearly inde-
pendent of ¢ in the logarithmic scale.

In order to explain this behaviour of ¢ qualitatively, Fig. 20 may be useful. In it
we pictured the variation of the potential with distance from the wall (cf. Ch. IV) and
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Fig. 18. € against log c. Taken from work of RUTGERS.

at a certain distance from the wall the slipping-plane is drawn, where the potential is
equal to ¢, The curves 1 and 2 represent two cases with the same total potential (same
concentration of potential-determining electrolytes) but the electrolyte content for
curve 2 is much higher than that for curve 1. It is clear that ¢ is decreased by addition
of electrolytes and that the influence of higher charged counterions is much greater than
that of ions of lower charge because the latter have less influence on the thickness of the
double layer. The effect of the potential-determining electrolytes is twofold. In the
first place they change ¢, and secondly they work like any electrolyte in compressing

1A. J. Rurcers and M. DE SwmeTr, Trans. Faraday Soc., 41 (1945) 764.
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the double layer. This is very clear in the case of potassium hydroxide (Fig. 16 and 18)
which in very low concentrations makes { more negative because it makes ¢, more
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Fig. 20. Distribution of potential in the double layer. 4  and { potentials.

negative, but in somewhat higher concentrations the effect of compressing the double
layer prevails.
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Nevertheless if one tries to draw more quantitative conclusions from this picture
difficulties are still present. EVERSOLE and BoARDMAN ? for instance calculate the distance
(t) between the slipping-plane and the interface from the {—c relation found by
different investigators. They assume a double layer of the Gouy type with a suitable
value of ¢, In many cases the results can be explained by a constant value of ¢, this
value however, differing from one series of experiments to another, between 8and 100 A,
It cannot be denied that these values seem rather high to allow for a satisfactory mole-
cular image of the situation of the slipping-plane.

BIkERMAN ® suggested that the slipping-plane should be a sort of enveloping
surface of the protrusions on the surface which might explain the larger values found
by EVERSOLE. But it seems rather hopeless to develop BIRERMAN's idea into a quantita-

N, \\

potential
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|
|
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|

nufmal case

.G
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|

|
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N

Fig. 21. Reversal of { by adsorption of ions.

tive theory. A possibility that has not yet been fully tried out is the application of the
STERN-GOUY picture of the double layer with the assumption that slipping plane and
separation between STERN and Gouy layer coincide. For very small concentrations this
picture would lead toanearidentity of ¢, and L and thus explain that at these low con-
centrations electrolytes have no influence on ¢ except the potential-determining ones
HNO, and KOH. At higher concentrations the compression of the Gouy double layer
would explain the lowering of .

The special differences between different electrolytes of the same valency and the
reversal of charge by strongly adsorbed electrolytes would enter easily into the same
picture as a consequence of STERN’s adsorption potentials,

1'W. G. EversoLE and W. W. BoArRDMAN, J. Chem. Phys., 9 (1941) 789.
27. J. BIKERMAN, J. Chem. Phys., 9 (1941) 880.
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It is known from experiments with the glass-electrode * that these electrolytes (Al
salts, Th salts, crystal violet etc.), however strongly they influence ¢, have no effect on
the total potential drop. The reversal of ¢ can thus only be explained by a complicated
variation of the potential in the double layer. This variation, represented schematically
in Fig. 21 must be caused by a strong adsorbability  of the ions in question or of the
products of their hydrolysis ®. The adsorbed layer must bear a larger charge than is
present on the wall, so that in the outer part of _»
the double layer the charge (and the potential) ggg I
must be reversed in order to maintain electro- x| g

neutrality. 210
200

b. 2. Organic liquids ;g‘é

'S

Corenn and RAYDT* compared the electro- ;60\ N
osmotic velocity of different liquids through a 150\

: 140, \
glass capillary and found a very regular depen- {3 N
dence of the electro-osmotic counter pressure 120 \\\;\\
on the dielectric constants of the liquid and the ,’ég X | N[
material of the wall. 90—\ N \'\ AN \\
However FAIRBROTHER and Barkiw 5, 9 S B
StrICKLER and MATHEWS ¢, PERRIN 7, and recently 6o \ \ SRR
DE SmEeT and DELFOSSE ® obtained results devia- fg K AN methanol
ting widely from those of CoEnn and RAYDT. 30 N NN
In Fig. 22 we give the results of DE SMET j‘g } A T
and Derrosse for solutions of KI in various o AN N
solvents measured with the electro-osmotic tech- _—;g a8 = ;%g%'m
nique. Qualitatively the curves have the same -3 — :;so_ propanol

aspects for all solvents. ; ~ %001 0005 002 01 05, 2z 10 50
VERWEY ? also made a few experiments on 0002 001 005 02 1 5 20
electro-osmosis through diaphragms with non- Ko
aqueous solutions and paid particular attention  Fig. 22. L-potential from electro-osmosis
to zero points of charge. For the materials he with organic liquids against glass.
used (SiO,, Al,O,, Ti0O,) he found that H* and
OH- ions behaved as potential-determining ions. The nature of the liquid was of
influence on the zero-point of charge. Water and acetone cause a more negative potential
than methanol and ethanol.
MACKOR !° established that the zero-point of charge of Agl lies at a much lower
concentration of I~ in acetone than in water (see also Ch. IV).

1 See for instance H. FreunoLicH and G. ETTIscH, Z. physik. Chem., 116 (1925) 401.

2 G. Gouy, Ann. phys., (9) 7 (1917) 179, already introduced the concept of "triple layer" in his
theory of the positive branch of the electrocapillary curve.

3 ¢f. H. R. KruyT and S. A. TROELSTRA, Kolloid Bethefte, 54 (1943) 262.

4 A, Coeun and V. RAYDT, Ann. Physik, 30 (1909) 777; See also M. Von SmoLucHOWSKI, Graetz
Handbuch der Elektrizitit und des Magnetismus 11, Leipzig 1914, p. 403.

> F. FAIRBROTHER and M. J. BALkIN, J. Chem. Soc., 53 (1931) 389, 1564.

6 A. STrickLER and J. H. MATHEWS, J. Am. Chem. Soc., 44 (1922) 1647.

“ J. PERRIN, J. chim. phys., 2 (1904) 607; 3 (1905) 50.

3 M. De SmET, and J. DEeLFosse, Mededeel. Koninkl. Viaam. Acad. Wetenschap. Belg. Klasse
Wetenschap., 4 (1942) no. 10.

Y E. J. W. VERWEY, Rec. trav. chim., 60 (1941) 625.

0 E. L. MACKOR, Rec. trav. chim. 70 (1951) 747
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b. 3. Silver halides

Silver halides have been investigated extensively with electrophoresis methods.
Moreover with the silver halides the zero-point of charge, and therewith an absolute
value for the surface potential ¢, could be determined analytically !. A remarkable
parallelism between ¢ and ¢, could be established, insofar as the zeros of ¢, and
¢ coincide and ¢ is of the same order, though somewhat smaller than the () -potential?,

cf. Fig. 23,

- 100
Yoor
inmV S e—
mn \\
- 50
o 6 4 2
onc I™-ions
50
100

Fig.23. ¢, - and J-potential of Aglagainst the
logarithm of the I-concentrationin the solution
phase. v, is calculated according to

1 RT (@)=
Yo =g lng=m

{ is estimated from electrophoresis according
to the equation

. 4mpv
SYEIN; 1

The difference between ¥, and ¢ has been discussed above (Figs. 20, 21). The
zero-points of ¢ and y. for the three silver halides are 3

AgCl Grp=m]0=14 Crt==10=1"
AgBr (Crraems (0 Cax — 10520
Agl GRS Cre=2l0="¢

LE. J. W. VeErwey and H. R, KruvT, Z. physik. Chem., A 167 (1933) 149; A. BASINsKI, Rec. trav,
chim., 60 (1941) 267; I. M. KoLTHOFF and J. J. LINGANE, J. Am. Chem. Soc., 58 (1936) 1531; J. A. W.
VAN LAAR, unpublished. cf. Ch. 1V, § 6a, p. 161.

2 S. A. TroeLsTrA and H. R. KruyT, Kolloid-Z., 101 (1942) 182.

3E. J. W. VErwey and H. R. KruyT, Lc.; A. BasiNsk, l.c.; G. H. JoNKER, Thesis, Utrecht 1943.
p. 32; E. LANGE and P. W. CRANE, Z. physik. Chem., A 141 (1929) 225; J. A. W. VAN LAAR, unpublished.
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An effect, hitherto unexplained, was found first by JULIEN ! on silver bromide
and later by VERWEY ? on the oxides of titanium and zirconium and by BUCHANAN
and HEYMAKNK ® on BaSO,. In all cases the zero-point of { depended upon the degree
of division of the wall material, Coarse crystals seemed to have a more negative charac-
ter than fine ones. In the case of AgBr fine crystals (oo 50 my) were positive for Ag+
concentrations above 10—, but a large crystal could not be charged positively even by
0.01 N Ag*, The same phenomenon has been obsetrved by JoNKER ¢ during the ageing
of fresh AgBr sols where the zero-point is shifted to higher concentrations of Ag™,

In electrophoresis in mixtures of electrolytes it is possible to show rather directly the influence of
the time-of-relaxation effect. TROELSTRA and KRruvT ° determined the electrophoretic velocity of silver
iodide sol particles, with addition of Ba(NO;), and of mixtures of Ba(NOy), + KNOj. In small con-

pcm’—J

e ysec
- 6 S
Ba(Noy), +12m mol, KNO,
[Zg[ -sol
i = \
%
\YJ(NOJ)Z )/\

_2 \ x
=

0 -6 =5 -4 = ;2

10 10 10 10 10 10 W Ba (NO3),

inm ol/,

Fig. 24, Suppression of the time-of-relaxation effect by
12 m mol/1 KNO,.

centrations of Ba(INO,), the electrophoretic velocxty without KINO, is considerably smaller than with
KNO,. This may be explained by a suppression of the relaxation effect by KNO, in a concentration
not sufﬁcxent to lower the {-potential considerably. In large concentrations of Ba(INOy), this electro-

lyte itself removes the relaxation effect so that further addition of KINO, remains without effect. See
Fig. 24.

LP. F. J. A. JuLieN, Thesis, Utrecht 1933,

SEAATS W VERWEY, Rec. trav. chim., 60 (1941) 625.

3 A. S. BucHANAN and E. HEYMANN, Nature, 161 (1948) 648, 691; J. Colloid Sci., 4 (1949) 137,
151, 157; See also R, RuysseEN and R. Loos, Nature, 162 (1948) 741.

* G. H. Jonker, Thesis, Utrecht, 1943, p. 30.

5S. A. TroeLsTrA and H. R. Kruyr, Kolloid-Z., 101 (1942) 186, 187.
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b. 4. Metals

C-potentials of metals have been investigated mainly by electrophoresis. As a
consequence of the conductivity of metals electro-osmosis and streaming potential,
although not altogether excluded, give rise to very complicated results .

Generally metals are negative with respect to water. An influence of the electro-
motive series cannot be recognized. Probably all metals (except mercury, see below) are
covered by a layer of chemically adsorbed oxygen. The electrons of the metal-oxygen
bond are displaced to the oxygen which gives rise to a dipole layer which may be seen
as the cause of the negative {-potential 2 This explanation of the influence of the
oxygen layer is made the more plausible by the fact that it has been possible to reverse
the sign of the -potential of carbon ® and platinum * by carefully excluding all oxygen
during the preparation.

For more details on this problem see Ch. IV, § 8a, p. 168. In a remarkable investiga-
tion on mercury FRUMKIN 8 showed that here the electrophoresis is complicated by
polarisation phenomena at the mercury-water interface, which results in differences of
interfacial tension between the mercury drops and the surrounding liquid. These
differences in interfacial tension are the cause of liquid movements in the mercury
drops, which may increase the electrophoretic velocity to such an extent, that practi-
cally the whole electrophoretic retardation is nullified and the electrophoresis is nearly
described by the simple STOKES equation

u=QE/6 mma

in which Q is the charge of the drop.

Also in the sedimentation potential of mercury drops falling in water, the easy flow
of the liquid mercury gives rise to complications that have been investigated by
FrumkiIn ¢ and his school.

b. 5. Oils and gases

Oil and paraffin also generally show a {-potential in which the oil is negative.
The influence of electrolytes is very much the same as for all other materials. As to the
structure and the origin of these double layers, cf. however Chapter IV, § 7, p. 166 where
the double layer at the interface of two liquids and at the interface liquid-air has been
treated.

Even a completely inert and unsolid material as air may show electrokinetic pheno-

L¢f. G. QUINCKE, Pogg. Ann. Physik., 107 (1859) 1; 110 (1860) 38; H. R. KruyT and J. OOSTERMAN,
Kolloid Beihefte, 48 (1938) 377.

% J. H. DE Boer and E. J. W. VERWEY, Rec. trav. chim., 55 (1936) 675.

3 H. R. KruyTt and G. S. DE Kapr, Kolloidchem. Beihefte, 32 (1931) 249.

4 N. BacH and N. Barascuowa, Acta Physicochim. U.R.S.S. 3 (1935) 79; Nature, 137 (1936) 617.

5 A, FrRuMkIN, J. Colloid Sci., 1 (1946) 227; I. A. BAGOTSKAYA, J. Phys. Chem. U.S.S.R., 23
(1949) 1231; Chem. Abstracts, 44 (1950) 1306.

¢ A. FrumkIN and V. Levich, J. Phys. Chem. U.S.S.R., 21 (1947) 953; Chem. Abstracts, 42
(1948) 3244; A, FRuMKIN and I. A. BAGOTSKAYER, J. Phys. & Colloid Chem., 52 (1948) 1.
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mena. Air bubbles in water show electrophoresis. HERMANS ! was able to measure the
electro-osmosis at an air-water interface.
C-potentials and electrokinetic movements of proteins (and other hydrophilic

colloids) and association colloids (e.g., soaps) are treated extensively in Vol. II, chapters
VII, IX, XI and X1V,

§ 10. TECHNICAL APPLICATIONS
OF ELECTROKINETIC PHENOMENA

QuINCKE was probably the first to think of technical applications of electrokinetics,
when he proposed to use the phenomena of streaming potentials as a source of electric
energy 2

Although this proposal has never been put into practice electro-osmosis and electro-
phoresis have technical applications today.

Several patents of Graf SCHWERIN ? exist on the removal of water from porous
substances by electro-osmosis. The wet mass is placed between the electrodes, and the
water is driven to one of the electrodes (mostly the cathode) where it drips off.

Electrophoresis has been used to apply a thin layer of small particles to a conduc-
ting carrier. If the particles are negatively charged, the conducting carrier is made the
anode and the particles are deposited on it as a very compact and regular layer whose
thickness can be easily regulated (it is proportional to the number of coulombs passed).

This electrodeposition may be carried out in organic media (ethanol, acetone, etc.),
the advantage being absence of gassing at the electrodes even at relatively high cur-
rents and a low conductance of the liquid *

The particles may have colloidal dimensions °, but even if they are larger (up to
10 or 20 1) the process works quite satisfactory ®.

For more detailed theoretical considerations on electrophoretic deposition see 7.

The main fields of application of this "electrodeposition’” are the preparation of
insulated heater coils and of activated cathodes (a metal covered with a thin layer of
oxides of the alkaline earths) for radio tubes and the preparation of rubber objects from
latex. In the last-named case a metal form is used as an anode in a latex to which filling
substances and vulcanizers have been added in finely divided form. In the deposit the
different components are intimately mixed to a degree scarcely possible by mechanical
methodes. After vulcanizing, the quality of rubber objects prepared in this way is very
good ¥,

17. J. HERMANS, Rec. trav. chim., 60 (1941) 747,

* G. QUINCKE, Pogg. Ann. Physik, 107 (1859) 1; 113 (1861) 513.

3 D.R.P. nrs. 124509, 124510, 128085, 131932, 150069, 179086.

* J. H. DE BoEr, H., C. Hamaxker and E. J. W. VERWEY, Rec. trav. chim., 58 (1939) 662.

> E. PATar and Z. TomascHEK, Kolloid-Z., 74 (1936) 253; 75 (1936) 80.

5E. J. W. VErRwey and H. C. HAMAKER, Trans. Faraday Soc., 36 (1940) 180; H., C. HAMAKER,
ibidem, pg. 279.

“E. J. W. VErRwEY and J. TH. G. OVERBEEK, Theory of the stability of lyophobic colloids, Amsterdam
1948, p. 178; C. G. A. HiLL, P. E. LovERING, and A, L. G. ReEs, Trans. Faraday Soc.,43 (1947) 407.

8 S. E. ScuepPARD and L. W. EBERLIN, Ind. Eng. Chem., 17 (1925) 711; P. KLEIN and A, SZEGVARI,
Drit, Pat., 245 177, 246 532, 253 069.
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§ 11. ABNORMAL OSMOSIS

A phenomenon that without a doubt is connected with electro-osmosis is the
abnormal osmosis, known already to GRAHAM, but especially investigated by LOEB 1.
When two solutions of different concentrations are separated by a semi-permeable
membrane, the normal osmotic movement is a transport of the solvent from the more
dilute to the more concentrated phase. In many cases however, if the membrane is not
rigorously impermeable to the solute a transport of liquid in the opposite direction is
observed.

This transport may be explained as an electro-osmotic flow of the liquid through
the pores of the membrane under the influence of the potential difference (diffusion
potential) between the two liquid phases. That this explanation hits the nail on the head
was demonstrated by LoEB, who showed, that, for a given membrane, the influence of
electrolytes on abnormal osmosis and on electro-osmosis was similar if not identical.

§ 12. ON SURFACE CONDUCTANCE

In the preceding sections surface conductance has been repeatedly mentioned, but
so far no detailed conception of this phenomenon has been found necessary. For all the
applications it was sufficient to know the value of the extra conductivity along the inter-
face but the mechanism of surface conductance was of no importance. In this section
surface conductance will be examined for its own sake.

Experimental values of the surface conductivity have been mainly determined for
the interface glass-solution of electrolyte in water. Unfortunately the results of different
authors differ greatly from each other, partly as a consequence of the differences in the
composition of the glass and the treatment before the measurements but probably also
through inadequate experiments. In Table 3 values found by various authors are collec-
ted whereas Table 4 gives the values of the surface conductivity for a concentration of
5-10-* N KCl, KNO; or HCI. It is seen that there exist differences of a factor 100
between the different authors.

It is interesting now to compare the values of Tables 3 and 4 with the predictions
of theory on the surface conductivity. Two different contributions to surface conduc-
tance have to be expected.

Firstly the double layer contains more ions than the bulk of the liquid. These
excess ions cause one part of the surface conductivity by their motion in the electric
field. Moreover the electro-osmotic movement, being fundamentally a displacement
of the free charge of the double layer is another cause of surface conductance. This
electro-osmotic contribution can only be observed in a d.c. field. If a.c. of sufficiently
high frequence is used for measuring surface conductance, the electro-osmosis does not
develop and only the first contribution will be found.

Roughly speaking it can be expected, that the first part of the surface conductivity
is proportional to the mobility of the ions (explaining the large surface conductivity
for HCl and HNO,), and the second part to the charge of the double layer.

1 7. Logs, J. Gen. Physiol., 1 (1919) 717; 2 (1920) 173, 255, 387, 563, 577, 659, 673. cf. also F. A. H.
SCHREINEMAKERS, Proc. Acad. Sci. Amsterdam, 27 and follow. vols.; J. Gen. Physiol., 11 (1928) 701;
12 (1929) 555.
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TABLE 3
VALUES OF THE SURFACE CONDUCTIVITY AS FOUND BY VARIOUS AUTHORS
: Surface conducti-
Author Sort of glass Electrolyte Normality a0~
McBAIN, Pyrex KCl 0.001 43
PEAKER (polished) 0.01 93
AND King * 0.1 30—1307?
McBAIN Pyrex KCl 0..01 100
AND 0.01 608
FOSTER 2 0.1 2640
URBAN, Pyrex KCi 0.0005 4.3
FELDMAN, 0.001 8.2
WHITE 2 0.01 35
FRICKE Pyrex KCl 10— 0.4
AND 10-3 0.6
CurTIs 4 8:10-° 1.8
RUTGERS, Jena 16111 KCl 0 3
IVIOORKENS, 10-° 6
VERLENDE ° 10== 21
2:10— 41
5:10— 95
HC1 10-° 5
10— 47
2:10— 92
Wiyca ¢ Pyrex KNO, 0 0.7
10-° 1
10— 4
2:104 5
HNO, 10-° 3
104 20
2:104 31
10-3 88
RUTGERS AND Jena 16111 KClI 0 0.6
DE SmET 7 105 0.6
104 0.6

1 J. W. McBAIN, C. R. PEAKER, A, M. KiNG, J. Am. Chem. Soc., 51 (1929) 3294; cf. also J. W.

Mc. Bamv and C. R. PEAKER, J. Phys. Chem., 34 (1930)1033.
2 J. W. McBAIN and J. F, FOSTER, J. Phys. Chem., 39 (1935) 331.

3 F. UrsaN, S. FELDMAN, and H. L. WHITE, J. Phys. Chem., 39 (1935) 605; H. L. WxiITE, B, MoNA-
GHAN, and F. URrBAN, J. Phys. Chem., 40 (1936) 207.

* H. FrickE, and H. J. CurrTis, J. Phys. Chem., 40 (1936) 715.

5 A. J. RutGERs, Ep, VERLENDE, and MIA. MOORKENS, Proc. Acad. Sci. Amsterdam, 41 (1938) 763;
A. ]J. RutGERs, Trans. Faraday Soc., 36 (1940) 69.

6P, W. O. Wijca, Thesis, Utrecht 1946.

" A. J. Rutcers and M. DE SmET, Trans. Faraday Soc., 43 (1947) 102.
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TABLE 4
SURFACE CONDUCTIVITY OF GLASS IN CONTACT WITH SOLUTIONS OF 0.0005 N 1~ 10—9 () —!
McBAIN WHITE FRICKE RUTGERS RUTGERS Wijca
(1938) (1947) *
-
KCl 95 2.2—4.3 il 95 S| 8
KNO,
HCl 225
HNO, (extrapol.) 50

This theory of surface conductivity has been worked out by several authors ?
leading for univalent ions to the expression

electro electro
0SMmosis 0Smosis
el ' ek
e R . L5l o R e
2n F 2 2 7y
ionic ionic
mobility mobility (36)

To this value (36) UrBaN, WHITE and STASSNER added a contribution caused by
the mobility of the ions of the STERN layer, where normal mobility and a normal contri-
bution to electro-osmosis of the STERN ions is supposed. Although this supposition
does not a priori sound very probable, it cannot be denied that its results are rather well
in accord with the experiments of WHITE and collaborators. However, this agreement
does not prove very much in view of the wide divergencies shown in Tables 3 and 4.

Theoretical values of the surface conductance to be compared with those of Table 4
are given in Table 5.

TABLE 5
CALCULATED SURFACE CONDUCTANCE FOR SOLUTIONS OF 5 * 10—4 N

C is supposed to be 120 mV,
adsorption potential of STERN ions 70 mV,
total potential of the double layer 180 mV.

Gouy layer alone Gouy + STERN

4-10-°
- 18 10—°

1.4-10-°
5.10-°

surf, cond. KCl (&~ KNO,)
HCI (~ HNO,)

1 Recently RuTGERs by a new and efficient technique could confirm and improve the low values of
the surface conductivity which are found to be only slightly dependent upon concentration (private com-
munication). The same order of magnitude has been reported by I. I. Zuukov and D. A, FRIDRIKHS-
BERG, Kolloid. Zhur., 11 (1949) 163-171, cited from Chem. Abstracts, 43 (1949) 7290.

2 J. J. BigkermaN, Kolloid-Z.,72 (1935) 100; F. Ursan, H. L. WHITE, and E, A. STASSNER, J. Phys.
Chem., 39 (1935) 311.
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If the theoretical values of Table 5 are compared with the experimental values of
Table 4 it is striking that most authors find values much higher than the theoretical
ones 1.

It appears as if an extra adsorption or at least an extra conductance exists, which
is completely independent of the electrokinetic phenomena. One might think here of
conductance through the swollen surface layer of the glass, although it is by no means
clear how a quantitative explanation can be based upon this supposition.

It seems very important to gather more material on surface conductance preferably
also on better defined surfaces than glass. In the field of surface conductance the dis-
advantages of glass seem to be more important than the advantages whereas for electro-
kinetic measurements the reverse was the case (cf. page 226).

§ 13, ELECTRICAL CONDUCTIVITY OF COLLOIDAL SOLUTIONS

Although electrical conductance and dielectric constants of colloids do not strictly
belong to the electrokinetic phenomena they are so closely connected with them, espe-
cially with the electrophoresis, that it seems unavoidable to discuss them here.

The electrical conductance of a colloidal solution can be considered to be built up
from contributions of the colloidal particles and the ions present in the solution. In a
more schematic way the conductivity can be split up into a contribution of the sol parti-
cles and their counter ions (micellar conductivity) and a contribution of the rest of the
liquid (intermicellar conductivity). This second method is mostly used in the practice
of conductance measurements of colloids, but it should be realised that it is less exact
than the first one. In the first place it is rather arbitrary to denote a certain part of the
positive ions (the particles are supposed to be negatively charged) as counter ions and
the rest of them as belonging to the intermicellar liquid. Moreover it neglects all interac-
tion between the sol particles and the intermicellar ions, which is often not allowed.

Although it may be that the 1nterpretat1on of conductivities of colloids cannot always
be as precise as we should wish, in principle we know exactly how the interpretation
should be given. In conductivity we see reflected the number, specific charge and mobi-
lity of the colloidal particles and the ions constituting the sol. Moreover we find in it
the influence of the interaction of these components by electrophoretic and by time-of-
relaxation effects. In some cases effects of association or dissociation may play a rdle too.

So it is not to be wondered at, that there are many applications of the conductivity
of colloids, the number of which is certainly open to expansion. Several of these appli-
cations have contributed to our knowledge of the structure of the double layer.

To begin with an estimate will be made of the contribution to the conductivity of
sol particles under very simplified conditions, We assume a concentration of 19, by
volume of sol particles with a diameter (2a) of 100A and a ¢-potential of 100 mV in an
electrolyte solution in which % = 10°.

The charge of each particle may be put equal to

Q=ac?(l +xa)

1 See the remark on p. 237, that the latest results of RUTGERs also point to a low experimental value
of the surface conductance.
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The electrophoretic velocity neglecting the time-of-relaxation effect is

et o Q

:67':'q 6w a (19 wa)

The number of particles per cm® is

v

st 10,01
T4
e
and their contribution to the specific conductance
0.01 el 0.01 % ¢ (1 + xa)
== = € =l i =
A coll =NQv Tan aet (14 /a)67t"q 8 % a1

3

3

After the introduction of practical units the specific conductivity expressed in
(O Gaslee ity
| Acoll ® 410-° Q tem -t

As the conductivity of a solution of an electrolyte with x == 10° is of the order of
10-¢ Q- cm —* the contribution of the colloidal particles should be easily measurable.
Nevertheless the case mentioned above is a
X107 \\ rather favourable one (small particles, high
\ / concentration), so it may be understood that
there have frequently been discussionsabout the
Specific \\ % reality of the conductivity of colloidal particles.
onductivity \ / See for instance a discussion between PAULI!
o and WINTGEN * on the conductivity of gold sol
where WINTGEN proved that the conductivity
was less than 10-7 Q = cm ~! and PauLri, who
found a much largervalue, was probably misled
by the ionic contribution to the conductivity.
(See also Ch. 1V, § 8b, p. 172).

One of the most useful applications of the
conductivity of colloids is found in the conduc-
tivity titration of ionic constituents of the sol.
The method was introduced and fruitfully ap-

15 plied by PauL1?, but has later on been used by
m eq NaOHi s many others. An example which is especially
Fig. 25. Conductivity titration of a comple-  illuminating in this respect is the conductivity
tely dialysed Agl sol (H' as counter ions) titration of the H *- ions forming the counter

with NaOH. Dotted curve: titration of HI |1 o of 4 negatively charged Agl-sol.
of the same equivalent concentration as the =

Agl sol with NaOH. A titration curve ! is represented in Fig. 25.

The titration curve has the same character

eas that of a completely dissociated acid (dotted curve), with one exception: the
slope of the neutralizing branch is much smaller than that of the hydroiodic acid.
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LW, Paurr and L. Fucus, Kolloidchem. Beihefte, 21 (1925) 195, 412,

2 R, WinNTGEN and W. HACKER, Kolloid-Z., 61 (1932) 335.

3 W. PauvLrr and E. VALKo, Electrochemie der Kolloide, Vienna 1929, p. 289.
4 H. DE BruyN and J. TH. G. OVERBEEK, Kolloid-Z., 84 (1938) 186.
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It is as if the whole neutralizing branch has been depressed by a factor 4 or 5. This
cannot be explained by a partial dissociation of the counter ions. In that case the neutra-
lizing branch would be curved. So the small slope must be due to a strong hindrance
of the counter ions by electrophoretic and by time-of-relaxation effects. In this way the
titration of counter jons not only offers a quantitative determination of their number and
therewith of the charge of the colloid particles, but gives also indications about their
localization and fixation in the double layer.

Vawn Os ! used the difference in mobility between the ions in the double layer and
the ions in the "intermicellar liquid” to measure the exchange of ions by conducto-
metry. He "'titrated’”” an (AgI)I H*-sol with barium nitrate. The H*-ions were exchan-
ged against the added barium jons. This caused an increase of the mobility of H*-ions
and a decrease for the Ba**-ions. Because of the much larger mobility of the H*-ions’
the total effect of exchange is an increase in conductivity which could be measured, and
which served as a means of evaluating the exchange quantitatively.

Incidentally the results of these experiments could be completely descnbed by the
theory of the diffuse double layer. Cf. Chapter IV, § 9a, p. 177.

The specific conductivity and the transport number as a function of the concen-
tration have been especially useful for the elucidation of the structure of association
colloids such as soaps. For details the reader is refered to Chapter XIV of volume II,
where these matters are treated in more detail 2

The influence of high-frequency and high tensions on the conductivity for colloids
is just the same as for normal electrolytes. Only some of the effects of high frequency
or high tensions are more pronounced with colloids, because they are connected with
the electrophoretic and the time-of-relaxation effects, which both are very pronounced
with particles of colloidal dimensions.

If the conductivity is measured in a field of high frequency the oscillating move-
ment of the particles may become so rapid that the asymmetry of the double layer has
not enough time to develop to its full extent. As a consequence the time-of-relaxation
effect loses part of its efficacy and a rise of conductance results.

So ScumIDT and ERKKILA  experimenting on congo-sols and casein-sols found a
rise in conductance of 6-309%, for a frequency of about 10*°. In fields of very high
tensions (100,000 V/cm) the velocity of the particles may be so large, that the particle
is drawn out of its ionic atmosphere, so that both the time-of-relaxation effect and the
electrophoretic retardation disappear. An example of this effect is found in HARTLEY's 4
work on paraffin-chain salts,

§ 14. THE DIELECTRIC CONSTANT OF COLLOIDS

a. Theoretical considerations

The dielectric constant of colloidal solutions is different from that of the pure
dispersion medium. This difference can be ascribed to four different effects.
The first effect is a simple volume effect. Part of the dispersion medium is replaced

1 G. A. J. VAN Os, Thesis, Utrecht 1943,

2 ¢f. also G. S. HARTLEY, Aqueous solutions of paraffin-chain salts, Coll. Hermann, Paris 1936.

3 G. ScamipT and A. V. ERkKILA, Z. Electrochem., 42 (1936) 737, 781; cf. also H. J. Curtis and
H. FrICckE, Phys. Rev., (2) 48 (1931) 775.

4 J. MaLscH and G. S. HARTLEY, Z. physik. Chem., A 170 (1934) 321.
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by the sol particles which as a rule have a much lower dielectric constant than the
medium, so that the total dielectric constant (D.C.) is lowered by this effect.

Secondly the sol particles may possess a permanent dipole moment. This dipole
moment is oriented by the electric field thereby enhancing the polarization and the D.C.
For hydrophobic colloids this effect is mostly of small importance as these particles do
not contain a permanent dipole moment. But for some hydrophilic colloids especially
for proteins the existence of a permanent moment is probable. In these cases a con-
siderable increase of the D. C. may be found.

Thirdly the electric double layer exerts an influence on the D,C.. As has been
explained in the sections-on electrophoresis and conductivity the electrical double layer
is distorted by the electric field. The centres of gravity of the positive and negative
charges no longer coincide. The particle acquires a dipole moment directed oppositely
to the field and enhancing the dielectric constant. This effect is of importance with all
colloids (whether hydrophobic or hydrophilic) provided with a double layer.

Finally the hydration or solvation may have an influence on the dielectric constant.
The water of hydration is under the influence of strong adsorption forces and one may
expect that its polarizability may be increased or decreased ; although a decrease, owing
to the fixation of the molecules, seems more probable resulting in a decrease of the D.C..

It should be kept in mind, that generally the D.C. is a function of the frequency
~ of the alternating field with which it is measured. Measuring with a really static field
is always excluded by the conductivity of the sols. The frequency of the field must be
chosen at least so high that the displacement current, related to the D.C. which is pro-
portional to the frequency, is not small compared with the conduction current, which
itself is practically independent of the frequency. In favourable cases this frequency
is still so low that the value of the D.C. is not different from the value that would be
found in a static field. In other words the polarization of the colloid can develop to its
full extent in a time which is small compared with the duration of one pulsation of the
alternating field.

If the frequency is increased, however, this last condition may no longer be fulfilled;
the polarization is less than it would be in a static field of the same strength. The solu-
tion shows dispersion., This dispersion has a different character for the four factors
influencing the D.C..

The first effect shows no dispersion. The dispersion of the second effect is situated
at such a frequency that the dipoles can no longer follow the alternations of the field.
In the case of proteins this dispersion frequency is found at about 10° cycles/sec , in
accord with what can be expected theoretically * if the protein particles are spheres and
the dispersion is due to the frictional resistance of the sphere in the viscous medium.

The third effect will show dispersion at a frequency where the asymmetry of the
double layer is no longer developed. This means the frequency at which the conducti-
vity shows an increase. Simultaneous measurements of the two effects are, alas, lacking
although the dispersion of the D.C. as well as that of the conductivity has been demon-
strated.

Whether the influence of the hydration on the D.C. is subject to dispersion is
questionable. Moreover as will be shown in the following it is not sure that the effect
itself has yet been measured.

3 3. ERRERA, J. chim. phys., 29 (1932) 577.
2 1, TH. G. OVERBEEK, Natuurw. Tijdschr., 18 (1936) 55.
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The quantitative side of the theory of the D.C. of colloids has not been developed
to any great extent. The situation is the most favourable for the simple mixing effect.
As we are concerned with heterogeneous systems, we may apply the theory of WIENER ?,
who proposed a very general method for calculating the D.C. of heterogeneous mixtu-
res. For a small concentration (8 by volume) of spherical paricles having a D.C. e,

embedded in a liquid of D.C. ¢,, the D.C. ¢ is given by 3
g9 — €4
= ¢ 2@ s e U0
| 3280+E1 ) (37)

It is seen that the relative change of the D.C. falls between

1 de

;&:—1.5 f0r51<so
and

%—ig=+3 for e, >>¢

For elongated particles the effect may be larger.

The influence of dipoles on the D.C. is probably described most satisfactorliy
by the theory of ONSAGER 2, according to which the D.C. of a mixture as treated above,
having moreover a permanent dipole moment i in each spherical particle, is given by
(=4 < )

i 5} (=1 F2)2
i e Sy §9)
The relaxation time (reciprocal of the dispersion frequency) is given by
8 n?nad
Foiindine 3
T T (39)

where a is the radius of the particles.

A quantitative relation between the D.C. and the double layer (third effect) is very
difficult to give because the increase of the D.C. rests completely upon the time-of-
relaxation effect, and we know already from the electrophoresis how difficult calcula-
tions of this effect are.

More or less elaborate theories have been given by BIKERMAN ®, HERMANS ¢ and
OVERBEEK °, Probably the best way to get a quick estimation of the magnitude of this
effect is to start from the notion of surface conductance, A particle, surrounded by a
layer conducting much better than the dispersion medium, behaves as if it were a con-
ducting particle.

According to WIENER's theory, the D.C. of a suspension of conducting particles
can be easily calculated, as conducting particles may be symbolized by particles with

1 O. WIENER, Abhandl. math. phys. Klasse sichs Akad. Wiss. Leipzig, 32 (1912) 507; cf.
D. A. G. BRUGGEMAN, Ann. Physik, (5) 24 (1935) 636.

2 L. ONSAGER, J. Am. Chem. Soc., 58 (1936) 1486.

3 J. J. BIKERMAN, J. chim. phys., 32 (1935) 285.

4 7. J. HErmANS, Phil. Mag., (7) 26 (1938) 650.

7 J. TH, G. OVERBEEK, Kolloid Beihefte, 54 (1943) 287.
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an infinitely large D.C. (¢, = o9). As radius of the conducting particles we chose the
radius of the particles proper increased with the thickness of the double layer (1/x). So a
relative increase of the D.C. may be expected which is of the order of

1 de 1

-— ~3(1+ — ) 40

SiTS (o) (40)

The dispersion frequency of this effect may be expected to be the same as that of the

electrolyte solution in which the particle is embedded. This dispersion frequency is

given by the theory of strong electrolytes as !

ShaR BT, (41)
P

¢ is the average friction constant of the ions in the double layer.

b. Experimental evidence

Perhaps the most simple example has been measured by PiEkara 2. He investigated
the D.C. of emulsions of paraffin in water, by which eq. (37) was rather well confirmed.
Small but systematic deviations from (37) suggested a small influence of the double
layer.

Somewhat more complicated were the experiments by Kruyr and KunsT?® on
various hydrophobic sols (silver halides, arsenic sulphide). They found an increase of
the D.C. of the order expected from eq. (40) with x a ~ 0.5 or 1.0. The dispersion
frequency was also in accord with eq. (41). So in these experiments the double layer
probably played the most important rdle. Nevertheless the influence of added electro-
lytes was not clear in all respects. More experiments and a more refined theory are
desired here.

Analogous effects were found by FrIckE ¢ on the D.C. of suspensions of different
oxides and hydroxides.

Very interesting results were obtained by ERRERA ° for the D.C. of sols of vanadium
pentoxide. Aged sols containing very long particles showed anexcessively high D.C.,
for instance a sol containing 1°, V,O; had a D.C. of over 400! An investigation ¢ of the
double refraction in alternating fields of these sols made it probable that the effect is
due to polarization of the double layer, the D.C. rising to such exceptionally high values
because the particles of V,O; are oriented with their long axis in the direction of the
field, thereby greatly facilitating the polarization.

The influence of permanent dipoles has been supposed to be present in ERRERA’s 7
experiments on proteius.

By application of eq. (38) the dipole moments of a molecule of protein was found

1J. TH. G. OVERBEEK, l.c.

2 A. PIEKARA, Kolloid-Z., 58 (1932) 283 and 59 (1932) 12.

3 H. R. KruyT and H. Kunsrt, Kolloid-Z., 91 (1940) 1.

4 H. Fricke and L. HAVESTADT, Z. anorg. Chem., 188 (1930) 357; 196 (1931) 120.
H. Frick, Kolloid-Z., 56 (1931) 166.

° J. ERRERA, J. phys. radium, (6) 3 (1922) 401; 4 (1923) 225; 9 (1928) 307; Kolloid-Z., 31 (1922)
59; 32 (1923) 157, 373.

5. ERRERA, J. T, G. OverBeek, and H. Sack, J. chim. phys., 32 (1935) 681.

7 J. ERRERA, J. chim. phys., 29 (1932) 577.
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to be of the order of 500 D, a value in itself not improbable. But it seems very difficult
to separate experimentally the influence of permanent dipoles from that of the double
layer also known to exist.

Finally we shall devote a few lines to the effect of hydration. DENEKAMP and KRUYT!
found an increase of the D.C. of gelatin and agar-agar at a frequency of 10® sec™™.

They explained this increase by the hydration of these substances. But as the
criteria of hydration are open to much doubt, and other influences (double-layer, per-
manent dipole) also give rise to an increase of the D.C., the interpretation of KruyT
and DENEKAMP seems debatable.

At very high frequencies both the double layer and the permanent dipoles should
lose their influence on the D.C., the only remaining effects being the mixing effect and
the influence of hydration. Experiments by KruvT and OVERBEEK ® showed that for high
frequencies (3.5 + 10%) the D.C. of gelatin, albumin, and other hydrophilic colloids
could be completely explained by the mixing effect (eq. 37), no influence of the hydra-
tion being detectable.

1 P. J. DEnekamp and H. R. Kruyr, Kolloid-Z., 81 (1937) 62.
? H, R. KruyT and J. TH. G. OVERBEEK, Kolloid-Z., 81 (1937) 257.




