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ELECTROPHORETIC FORCE
ALONG EQUIPOTENTIAL ELECTRODE

A. Ya. Gokhshtein UDC 532.612.3

The conditions under which the electric fields in the bodies of the electrode and the electrolyte
are identical in magnitude and direction are examined. A plane solid electrode in a variable
field oriented along the interface is subject to an electrophoretic force with an amplitude pro-
portional to the square root from the ratio of the field frequency to the electrolyte viscosity.
The leakage of alternating current from the electrolyte to the electrode, generated by the micro-
roughness of the interface, is negligible. An approximate expression is derived for the depen-
dence of the electrophoretic force attenuation coefficient on the roughness factor.

Among the great creative heritage left by A. N. Frumkin are papers on electrophoresis. In one of them
[1] the influence of the electrode potential on the electrophoretic force perceptible to the electrode is studied
for the first time. The electrophoretic force f is known to fall with a reduction in the thickness of the moving
part of the double layer 6 (an increase in the electrolyte concentration) and with an increase in the length of
the solid body I in accordance with the law f~— (6/1)fk, where fk is the coulomb force acting on the charge of
the moving part of the double layer. For example, when 6=10"¢ cm and /=1 cm we have f~—107%f|.. A diluted
electrolyte (with a high J) and a thin wire in a transverse electrical field (with a low /) are therefore used in
experiments [1]. A reduction in the wire diameter also promotes a reduction in the potential drop along the
electrode. Such a drop introduces an element of uncertainty to the magnitude of the potential of the electrode
relative to the electrolyte.

Investigations into electrophoresis in avariable fieldhave been resumed recently in A, N, Frumkin's labora-
tory [3]. An approach has been found based on the fact, that an electric field oriented along the electrode/
electrolyte interface is generated on both sides of the boundary: not only in the electrolyte but also in the elec-
trode [4]. Thanks to this the potential of the electrode relative to the electrolyte remains identical at all points
on the electrode and constant in time regardless of the length of the electrode, the magnitude of the field, and
the nature of the change in the field in time.

A field which is sinusoidal in time and tangential to the electrode surface then becomes practicable, which
would be impossible under normal conditions due to the leakage of current from the electrolyte to the electrode
through the capacity of the double layer. In a variable field the plane electrode is subject to an electrophoretic
force, while there is no such force in a constant field.

The moving lining of the double layer carries with it the adjoining electrolyte. In a stationary field the
velocities in the electrolyte are equalized. It is displaced as a whole together with the outer part of the lining
and does not inhibit the movement. Only the force of the friction between the moving and unmoving linings,
which are subject in the field to coulomb forces identical in magnitude but opposed in direction, shows any re-
sistance to movement. Through the friction both forces compensate each other completely. The resultant of
the forces perceptible to the surface of the solid is equal to zero — there is no electrophoretic effect,
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In a variable field the displacement of the moving part of the double layer exclites shear waves in a layer
of electrolyte A =v 2u /w thick, where w is the angular velocity of the field and u is the kinematic viscosity of
the electrolyte. The electrolyte enters into the inhibition of the moving lining. The compensation of the forces
between the linings is disrupted. An electrophoretic force is generated which acts on the plane solid electrode
and is equal in magnitude to the force of the friction at the boundary between the moving part of the double

layer and the electrically neutral body of the electrolyte.

The 6/1 criterion is replaced by the 6/A criterion, f =— (6/A)f, when A< [, For example in a dilute
aqueous solution at a frequency of 1 kHz and at 20°C, we have A=1.8" 1073 cm; £=—~0.56- 1073 fj when 6=10"¢

cm.

The variable electrophoretic force is measured experimentally by comparing its action on the electrode
with the action of a known external variable force. Both forces are equal if they give an identical amplitude
of the stress in the linings of the piezoelectric element clamped to the electrode [4]. It is also possible to

measure the stationary electroosmosis along an equipotential electrode,

Let us calculate the electrophoretic force accurately, Let us orient the x axis perpendicular to the
interface surface. Let us select the zero point in the plane, located at a distance of z from the slip plane,
which separates the moving part of the double layer from the unmoving part. Let a thin layer of the electro-
lyte in the x =0 plane carry a charge with a surface density q and be displaced in a tangential electrical field E
at a veloeity v,. The x=0 layer carries with it the fluid lying on either side of it. The velocity of the fluid at

a point x at a moment in time, t, v(x, t), satisfies the equation
a!
M Ao |
az* n at .
v(z)=0; v(0)=vy; v(—x)<oo, )

Let vp =y exp fwt. Let us seek a solution in the form of v=yexpiwt, Then

dy ie
lﬁ"fﬂ“"' .
¥()=0; yO0)=ps; y(—w)<em, @

‘The solution to the edge problem (2)

y (x) =yo[ea(h-—z)_eax] /4(92“_1) , O<z<z
y(z)=yoe™, -—oo<z<O, 3)

where
a=Yo/2u (1-+i). ' (4)

In the field E =Ejcoswt (E=E,exp iwt) a coulomb force fk= —qEgexpiwt acts onthex=01layer. Itis com-
pensated by the friction force :
fr=nl[dy/dz(+0)—dy/dz(—0) ]exp iwt, v (5)
where 1 is the viscosity. From (5) and the equality fp +fix =0 we find '
yo=—(gE/2na) (1—e). (®)
The surface of the solid is subject to a friction force ‘ '
fe=—ndy/dz(z=z)e"'=—gE 0 " 0" @)

and a coulomb force fi ==fj =qEgexp iwt. Thelr resultant is the electrophoretic force
f=fitfr=qE,(1—e=**) o™, ' 8

Let the charge density p be predetermined as a function of the distance z from the slip plane p=p(z). A
layer dz thick makes a contribution to the electrophoretic force governed by Eq. (8) in which q =p(z) dz.should
be assumed:

f=Ey [p(2) (1—0-*)dz o™, )

Further, let € be the dielectric constant and ¥ (z) be the potential. By using Poisson's equation p = ed%y/dz?
(SI system) and integrating (9) by parts we arrive at the expression being sought for the electrophoretic force
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f=ean[ $(0) —-aj 1J;(z)e“"dz]e"‘”‘. (10)

[
Here ¥ (0)=¢ is the electrokinetic potential.

Virtually always |az|< 1. Inthe example examined above |az| <0.8-1073, With this kind of accuracy
the integral in (10) can be neglected. Thus, in cases of practical importance the formula for the variable elec-
trophoretic force on the plane equipotential electrode takes the form

4

The force on the whole plane surface is E =fS, where S is the area of the electrode surface. The correspond-
ing amplitudes are

f=3§EoV—%COS(O)t+n—). (11)

fo=£§EoV—“£, Fo=SECEoV::lI_)-‘- ' | (12)

Let, for example, E;=1 V/em; £=0.1 V; w/27=10"3 sec~!; $=0.5 em?; for a diluted aqueous solution at 20°C
£=80.3- 8,85+ 10~ F/cm; 1 =0.01 dyne - sec - cm/g. From (12) f,=0.56- 102 dyne/cm? and F,=0.28- 10~ dyne.

In the case of |az|>1 we find from (10)
=—gE,d/dz(0) cos ot=q,E, cos o, (13)
where qg is the charge of the unmoving lining of the double layer, i.e., f=t_'k.

The correlations given above are obtained for an electrode with an even surface. Now let the surface be
rough and the field inside the electrode and electrolyte far from the surface be oriented along the plane neu-
tralizing the surface. Near the unevennesses the direction of the field varies and an alternating current is
possible through the interface. The degree of influence of the current leakage on the electrophoresis is as-
sessed by the ratio ® =jg¢/jpg, Where jgo and jpy are the amplitudes of the currents through a small section
of the uneven surface of the electrode (jgo) and in the body of the electrolyte (jL,).

The jgo current passes in the electrolyte between two points on the electrode surface with a distance be-
tween them smaller than the dimension of the unevenness along the surface d (for example, for a cylindrical
surface with a periodic relief d is equal to the period). The amplitude of the potential ¢g, between these points
satisfies the inequality ¢go<Eqd. The jg, current overcomes successfully the resistance of the surface 1/wC
(twice) and of the electrolyte. Consequently jgo< @sqwC/2. Here C is the specific capacity of the double layer.
Inthe electrolyte jp,=E,/r, where r is its resistivity. By combining the inequalities we find

w<aCrd/2. (14)

Let, for example, r=10° Q -cm; C =100 pF/cm?% d=10"° cm; w/2r = 103 sec~!. Then % <0.003. This re-
sult is true for the random factor of roughness o since o is related to the relative proportions of the relief
and is independent of d. Thus, in practice the rough surface of the electrode is impermeable to current ina
variable longitudinal field and the electrode behaves like a dielectric.

A certain parallel between the metal and a dielectric can also be drawn in the case of a transverse vari-
able field. We shall examine three parallel metallic plates — a basic electrode placed in the gap between two
auxiliary electrodes to which a sinusoidal voltage is applied. The space between the electrodes is filled with
fluid (for example an electrolyte) or a gas. Changes in the charge density of opposing signs, Aq and —Aq, are
induced at the opposing faces of the basic electrode. The surface tensions y of these faces acquire increments
of Ay and —AY, corresponding to the magnitude of 8y/dq which is identical for both surfaces. The electrode
reaches a state of flexural vibration enabling us to measure dy/dq.

Moreover, the same increments in the charge Aq and —Aq are induced at the inner faces of the auxiliary
electrodes, Let us now replace the basic electrode with a dielectric plate. The predetermined magnitude of
8y/8q with Ay corresponding in a given case to the flexural vibration of the central plate and Aq referring to

the auxiliary electrodes, can also be brought into conformity with it.

The simplest type of roughness is a wavy surface with unevennesses in the form of parallel ribs of isos-
celes triangular crosssection, The roughness factor is a= 1/cosd, where ¢ is the angle at the base of the
triangle. Let the ribs be oriented across the field and let there be a fixed v, =vg coss — the projection of the
velocity vq of the osmotic movement of the electrolyte near the true surface onto the plane neutralizing the
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roughness. An approximate calculation of the viscous friction shows that as ¢ rises from 20° to 45° (1.06=
a=1.41) the velocity ve in the body of the electrolyte falls from 0.7v, to 0.4vs. This makes it possible to
find the attenuation coefficient of the electrophoretic force 8 =fo/f, where fg is the resultant along the plane

neutralizing the roughness. For example, for a surface made up of sections of the type indicated with a ran-
dom orientation relative to the field in the body

pr (1 + ) 1<a<t4 (15)
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TWO-DIMENSIONAL CONDENSATION OF AN ORGANIC
SUBSTANCE WITH REORIENTATION OF ADSORBED MOLECULES

B. B. Damaskin UDC 541,135.5.—183:547

Based on the model of three capacitors in parallel, the shapes of adsorption isotherms and
differential capacity curves were examined under conditions where the change in the orten-
tation of adsorbed molecules leads to thelr two-dimensional condensation.

From the model of three capacitors in parallel [1}], it follows that under certaln conditions, which were

formulated in general terms in [2], differentiation of the adsorption layer takes place. Under these conditions
" the system of adsorption isothermst

0,
B¢=——————— . — —_
i m(I—0.—B™ exp(—2n,a,0,—2n,a,0,)

: | )
Bome— 0 2 . s B
(16,0, exp (—2n,8,0,—21,a,0,)

turns out to be multivalued, and a given concentration of organic substance ¢ corresponds to three values of
fractional surface coverage 6; and 6,. A more detailed analysis of the system of equations (1) was presented
in [3, 4] for the special case ny=n,=1., This case may be of interest for simultaneous adsorption of two or-
ganic substances. However, as a rule, under conditions of reorientation of adsorbed molecules from flat to

vertical the surface area per adsorbed molecule decreases [1, 5, 6]. Under these conditions, from the physical

point of view, the case where n;=1 and n,=2 (see Table 1I in [5]) is of great interest, Assuming, furthermore,

that a;=a3=0 and introducing the notation q;=a, Bjc=c*, and B,/B; =k, from the system of isotherms (1), we
obtain .

.__ 6 a0, . (2a)
=106, ° '
ket =0,/2 (1—0,—0;)". (2b)
Solving Eq. (2b) for 6,, one obtains
8:=[4ke* (1—8,) +1—Y8kc (1—0,) +11/4kc". @)

TNotation is the same as in [1].
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