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INTRODUCTION 

Electrokinetic measurements are of considerable interest for the study 
of electrical double layers. I t  is customary to interpret electrokinetic data 
in terms of the so-called electrokinetic or ~-potential. This is the potential 
of the slipping plane between the moving and the stationary phase, when 
the liquid far away from the interface is considered to be at zero potential. 

The calculation of ~" from electrokinetic data is often uncertain because 
it involves the dielectric constant, E, and the viscosity, v, and these may 
have abnormal values in part of the double layer. If one tries to correlate 
~- with ¢~0, the total potential drop across the double layer, more difficulties 
are encountered, such as uncertainties about the location of the slipping 
plane, the structure of the liquid inside the slipping plane, and discreteness 
of charges effects. 

I t  is the purpose of this paper to contribute to the solution of these 
problems by considering the variability of the viscosity and dielectric con- 
stant in the double layer and proposing a model for the mechanics of the 
slipping process. We shall confine ourselves to aqueous solutions, taking 
electroosmosis and electrophoresis as the examples. 

THE VARIABILITY OF THE DIELECTRIC CONSTANT IN THE 

ELECTRICAL DOUBLE LAYER 

From double layer capacity evidence it is most likely that the dielectric 
constant in the inner region of the double layer is smaller than that of the 
bulk. This is due to saturation effects caused by the high field strengths in 
the double layer and to the structural influence of the adjacent phase. This 
decrease in e can have a considerable influence on properties involving the 
inner region of the double layer (1-3). 

It is therefore important in the establishment of the relation between ¢~0 
and ~-. Whether it also influences the relation between ~" and the electro- 
phoretic mobility, u, depends on the actual value of e in the outer region 
of the double layer. The following reasoning will show that in this case 
saturation effects may usually be neglected. 

A formula for the dielectric saturation of water is given by Booth (4) 
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based upon theories of Onsager and Kirkwood. This formula reads: 

2 2 8 N l r ( n  ~ + 2)~ L ~ % / ~  E ~ ( n 2  + 2) )  
e = n + 3%/73 E \ 6kT ' [1] 

in which N represents the number of water molecules per cm. 3, n the re- 
fractive index, # the dipole moment, E the acting electric field strength, 
and L(z) the Langevin function. For low values of z, L(z) may be replaced 
by the first term of its series expansion being z / 3 .  From Eq. [1] one sees 
that e is independent of E when this condition is fulfilled. Inserting the 
appropriate numerical values in Eq. [1] a quantitative relation between 
and E can be found. The dielectric saturation is 2 % for E = 5 X 105 v./cm. 
and l0 % for E = 1.5 × 106 v./cm. Such high field strengths can be pro- 
duced only by a combination of high potential and high ionic strength, 
and are rarely found outside the slipping plane. This is illustrated in Table 
I giving the ~-potentials required to reach the field strengths mentioned 
above. 

From this table it may be concluded that it is mostly justified to use the 
bulk value of e in the electrophoresis equation of Helmholtz-Smoluchowski: 

eF 
u = [2 ]  

where F is the applied field strength. 

T H E  VARIABILITY OF THE VISCOSITY IN THE ELECTRICAL 

DOUBnE LAYER 

A fully satisfactory theory for the dependence of the viscosity of liquids 
(especially water) on the strength of an applied electric field has not yet 
been given. Several workers investigated this dependency experimentally 
(5-14). In all eases n is found to increase with E. A quantitative formula- 
tion was given by Da.C. Andrade and Dodd (6): 

nE - nE=o _ dv _ f E  2. [3] 
~TE=o ?7 

T A B L E  I 

Values of the Diffuse Double Layer Potential (~) above Which the Dielectric 
Saturation Exceeds 2% and 10%, Respectively 
( G o u y - C h a p m a n  p i c t u r e ;  (1-1) -e lec t ro ly tes )  

Electrolyte concentrat ion 
Dielectric saturat ion of 

2% 10% 

1 m o l a r  15 m y .  40 m v .  
10 -2 m o l a r  94 m y .  148 inv .  
10 -4 m o l a r  210 m y .  270 m y .  
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I n  this  equa t ion  ~E~o equals  the viscosi ty  wi th  no field applied, a nd  f 

represents  the so-called viscoelectric cons tant .  The  following values  were 
found  (6): 

chloroform f - -  1.89 X 10 -12 v. -~ era. 2 

amylace ta te  f -- 2.74 X 10 -1~ v. -2 cm} 

c h l o r o b e n z e n e f  = 2.12 X 10 -12 v. -2 cm}  

Devia t ions  of, for example,  10 % in the  viscosi ty for these l iquids can 

therefore be expected to occur a t  field s t rengths  of 

E > %/(10/) -1 ~-~ 2 X 10 5 v . / cm.  

This  is m u c h  lower t h a n  the  field s t rength  required for a 10 % change in  
(E > 1.5 X 106 vo l t s /cm. ) .  Such field s t rengths  m a y  occur outside the  

sl ipping plane.  The  provis ional  conclusion m u s t  be t h a t  Eq.  [2] requires a 
correction for the  va r i a t ion  of the  viscosity,  whereas var ia t ions  in  e m a y  

be neglected. 

The argumentation given above is restricted to the three organic liquids men- 
tioned. The viscoeleetric constant of water (f~) has not been measured. I t  can, 
however, be found from a theoretical reasoning. 

To this purpose we start with Reynolds' equation for the viscosity of a liquid, 
written as 

= A exp . [41 

In this equation A is a constant and ~ can be interpreted as the activation energy 
of viscous flow. When the dipolar molecules of the liquid are oriented in an electric 
field this activation energy increases with a quantity ael. , leading to: 

v + d, = Aexp \ k T  ] = ,exp ~-~ , [5] 

where 
,~e,. = B~2E~ ~. [6] 

E~ is the internal field strength and B is a structural specific constant of dimension 
[energy] -1 and of the order (kT) -I. It  depends among other things on the coordina- 
tion number and density of the liquid. For field intensities which are not too high 
the exponential in Eq. [5] may be expanded, retaining only two terms, which gives: 

d~ B~  B~2CZ 
- E ~ 2 =  E% [7] 

kT k T  

when Ei = GE. Comparison of [7] with [3] yields: 

Bp~C~ 
f -  [8] 

k T  

The factor G is given by (15) 

3kT  j- ~,R* 1 3E 
G [9] 

3kT i - -  ga2e-]-l' 
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where R* is the reaction field; 

g 
R* = - -  u, [10] 

l - - g a  

1 2n 2 -- 2 
where g is a reaction field factor  and equal to (a representing the radius 

a~ 2n~ + 1 
of the spherical molecule); a is the polarizabil i ty and can be calculated with the 
corrected Lorenz-Lorentz equation (15) 

(n 2 -- 1)(2n 2 + 1) Na 

12~n 2 1 -- ga 

By inserting the appropriate  values in [9] G can be calculated for water  and the 
three organic liquids. With the aid of Eq. [8] the following values of B are found: 

chloroform 0.186 X 101~ erg -1 
amylaeetate  0.154 X 101~ erg -1 
chlorobenzene 0.114 X 101~ erg -I 

Mean value 0.15 M 10 i~ erg -1 
Though the s t ructural  propert ies of these liquids vary considerably their  B- 

constants  do not  differ by more than  a factor 5/3. Therefore the use of the mean 
B-value will probably lead to a reasonable est imate for the viscoelectric constant  
for water  : 

f~ = 10.2 X 10 -12 v. -~ cm. 2 [11] 

This value of f~ is used in the following section. As long, however, as f~ is not meas- 
ured independent ly  its value remains somewhat  uncer ta in  (see also reference 13). 

The influence of the double layer field on the viscosity is illustrated by 
Table I I .  Comparison with Table I shows tha t  the influence of the field on 
the viscosity is much more pronounced than  tha t  on the dielectric con- 
stant.  I t  is seen tha t  viscosity corrections are necessary in m a n y  cases. 

CORRECTION OF THE I-IELMHOLTZ-S1v[OLUCHOWSKI EQUATION 

FOR THE VARIABILITY OF THE VISCOSITY 

Consider a double layer at  a flat interface, perpendicular to the x axis 
in an electric field of strength F parallel to this interface. 

TABLE I I  

Values of the Diffuse Double Layer Potential (~) above Which a Viscosity 
Increase of 2% and 10%, Respectively Is Found 

(Gouy-Chapman picture;  (1-1)-electrolytes; f~ = 10.2 X 10 -13 v. -~ cm?) 

Electrolyte concentration 
Viscosity increase of 

2% 10% 

1 molar 1.4 my. 3 my. 
10 -2 molar 14 my. 29 my. 
10 -4 molar 88 my. 128 my. 
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Consider a volume element of thickness dx and area of 1 cm. ~, also per- 
pendicular to the x axis. The field exerts a force Fp dx on this volume ele- 
ment  if p represents the space charge density. In  the stat ionary state this 
force is just balanced by  the force of viscous shear: 

FpdX+-dz n-dz dx = O, [12] 

where v is the rate of streaming. 
Substituting Poisson's equation in the form 

d~ 
dx e ~ = -4~rp, [13] 

we find 

) 4~ dx e ~-~ -t- ~ = 0. [14] 

This equation can be integrated, utilizing the boundary conditions that  
far away from the surface (x = ~ )  the velocity gradient and potential 
gradient are both zero. One obtains: 

4~-~ ~ = • [15]  

I t  is of interest to note tha t  this equation is valid independent of the 
constancy of e and 7. 

The second integration is now carried out with constant e and leads to 

eF f~  d~b 
[16] ~ = ~  J0 ~-' 

where u represents the velocity at the point x = d, where ~" = ~ba, and 
where there is no shear for x < d. Then u is equal to the electrophoretic 
velocity. 

The integration can be carried out if the relation between ~ and ~ is 
given. To this purpose we assume that  ~ is correctly given by  Eq. [3] writ- 
ten in the form 

( w: -- vo 1 --}- f \ dx]  ] '  [17] 

where ~0 is the bulk viscosity and (dC//dx), the double layer field strength, 
is given by  the Gouy-Chapman theory as 

dz - ~ /  ]O0~e sinh \ 2 R T ] '  [18] 
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where c is the concentration of the (z - z)-valent electrolyte in moles/liter 
and F is the Faraday. 

From [16], [17], and [18] it follows that  

= eF f f  d~b (zF~k~'  [19] 
32~rc RT . sinh 2 

u ~ 1 + 1000~ j \2RT/ 
which for sake of simplicity can be written as 

EF fo r de 
U = 47r~/o 

1 + A sinh ~ [20] 

The integration can be carried out analytically. I t  leads to three different 
equations, depending on the value of A. 

The solution for A < 1 reads: 

eF 1 
U - -  

4~'r/Q f l v ' l -  - -  A 

( ~  -~)-~ ,/1--~) ~1~ 
. in (2  exp ~ , ~ ]  + ( A  A- ( l q -  % / ~ )  

ox. + + 

The solution for A > 1 reads: 

eF 2 
4rn0 ~W/X - 1 

(zF~'~ [221 2e~p,~, + (~--- 2) 1 
- are tan 

• arc tan 4 ~v/X __ 1 

A 

For A = 1 both solutions approach to 

eF 2 tgh (zFr  
u - 47rn0/3 \2RT/" [23] 

F o r  smal l  va lues  of t or  t h e  c o n c e n t r a t i o n  (A ~o c) t h e  fol lowing a p p r o x i m a t e d  
so lu t ion  of E q .  [20] m a y  be  usefu l :  

u ~ 4~r~0 1 -  A s i n h  ~ d¢~ = ~ i ' -  ~ {sinh(t~ ')  - -~ i ' }  , [24] 

w h i c h  can be f u r t h e r  a p p r o x i m a t e d  for  smal l  t" to  

e~FII_AB2 1 
~ 4~,,7~ -~ ~ " 

[25] 
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These equations show clearly the relation with the original equation of Helmholtz 
and Smoluchowski. 

An illustration of these solutions is presented in Fig. 1. On the ordinate 
axis the difference is plotted between the potential  of the slipping plane, 
i'(,.o~l) and the "observed" potential,  ~'ob~. (calculated simply from Eq. [2]). 

The figure holds for monovalent  electrolytes at  25 ° C. and fw -- 10.2 X 
10 -12 v. -2 cm. 2. The approximation [24] is indistinguishable from the drawn 
curves within the 5 % correction limit. The curve for c = 0.035 mole/1. 
corresponds with A = 1 (Eq. [23]) ; the 10 -1 curve corresponds with A > 1 
(Eq. [22]) ; and the other curves correspond with A < 1 (Eq. [21]). For low 
salt content the correction is expected to s tay always below 5 %. For some- 
what  higher salt contents ( >  10 -2 mole/1.) the correction m a y  reach 20 % 
and even exceed this value in the case of the unfavorable combination of 
high ~ and high concentration. The correction I limits the electrophoretic 
mobil i ty regardless of the potential  in the double layer. (See below, in 
particular, Fig. 4.) 

SOME CONSIDERATIONS CONCERNING THE SLIPPING PROCESS 

One of the most  important  aims of electrokinetic measurements  is the 
correlation between ¢0 and the electrophoretic velocity, u. I f  the electrical 
double layer consists of a molecular condenser with a potential  drop ~0 -- ~ 
and a Gouy-Chapman  diffuse double layer with a potential  drop ¢~ and 
if we assume tha t  no slipping occurs within the molecular condenser, the 
problem resolves itself into the establishment of the relation between ¢0 
and ¢6 and the relation between u and ~ .  The first relation is not relevant 

8 0  

I 70 , ¢' p" 
o o  , / / 

/ / /  / 

IO 

0 
0 20  4 0  60 O0 lO0 120 140 160 180200220240reVo l t  

FIG. 1. Correct ion of the Hehnholtz-Smoluchowski equation for the increase of 
the viscosity in the electrical double layer at different concentrations (c in moles/ 
liter) of (1-1) electrolytes, f~ = 10.2 × 10 -1~ v. -2 cm.2; 25 ° C. The dotted lines in- 
dicate 5% and 20% correction. 
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for this paper; the calculation can, for example, be accomplished assuming 
that  no specific adsorption occurs (16). We are here concerned with the 
second relation only. 

From the preceding sections it is felt that  the classical concept of a dis- 
crete slipping plane is too simple. There exists a slipping layer with a 
gradual transition from bulk fluidity to zero fluidity. This variation in 
viscosity may be due to the high electrostatic field strength, but this is not 
necessarily the only effect. A direct influence of the interface on the viscosity 
is also conceivable, in particular, an increase of the viscosity to very high 
values. 

Discont inui t ies  in the  f luidity can be imagined in systems where solvated mole- 
cules are or iented  in a pecul iar  way, behav ing  as an individual  phase,  for example, 
in so-called au tophobic  systems (17). 

The actual relation between the observed electrokinetic potential, ~ob~., 
and ~ depends on the relative Lmportance of the surface influence and 
double layer field influence on viscosity. As a matter  of illustration we will 
discuss two extreme eases, one in which the viscosity is affected only by the 
viscoelectric effect and the other in which there is an immobilized layer of 
considerable thickness close to the surface. 

a. No Direct Influence of the Surface on the Viscosity 

For extremely low potentials the slipping plane is identical with the sur- 
face (~" = ~b~). With increasing potential the viscoelectrie effect causes the 

20 ;;;)--- 
0 V t I I I  t I I f I I I I I 

0 2 0  4 0  6 0  8 0  /00  120 /40  160 / 8 0 2 0 0  2 2 0 2 4 0  260reVolt 

FIG. 2, Observed electrokinetic potent ia l  as a funct ion of the surface potent ia l  
in the absence of structural  influence of the surface on the viscosity. Dot ted  lines: 
l imit ing values.  
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discrete slipping plane to be gradually replaced by a slipping layer of finite 
thickness. At last the viscosity can be so high that virtually no slip takes 
place at the interface. The slipping layer, the location of which is deter- 
mined by the field strength, moves in outward direction with increasing 
potential, and this will eventually lead to a constant electrophoretic mo- 
bility (independent of Ce, but dependent on the concentration). This de- 
pendency is illustrated in Fig. 2. The limiting values have been calculated 
from Eqs. [21]-[23] for ~" (= ¢~) --~ m. In Fig. 3 these limiting values are 
plotted as a function of the concentration. For low concentrations the rela- 
tionship is linear with a slope of 58 mv. per tenfold increase in the concen- 
tration, but for higher concentrations the slope decreases. 

1). At  high f -poten t ia l  the  influence of the  re laxat ion effect on electrophoresis  
should not  be neglected.  I t  also lowers the  mobil i ty .  

2). In  the  given t r e a t m e n t  f~ was considered to be independen t  of the  concen- 
t ra t ion .  This  is p robab ly  an  oversimplif icat ion (18). The influence of the  concen- 
t r a t i on  on f~ will change the  curve of Fig. 3, and  detai led analysis  of the  dependence 
of ~ob~. from log c mus t  be considered wi th  a good deal of reservat ion.  

Figure 2 can be exemplified by observed /'-potentials on negative AgI 
which appear to be more or less independent of pI, i.e., of the surface po- 
tential ¢0 over an appreciable range far from the zero point of charge. This 
followed from eleetrophoretic data (19-21), from streaming potentials (22), 
and also from sedimentation potentials at high ¢0 as measured by Rutgers 
and Nagels (23), at least if correction was made for the relaxation effect. 
This constancy may be explained by the present theory. Recent data on 

- r n V o l t  20O 
~ / i r n i  t 

/ 8 0  

150 

/ 4 0  

/ 2 0  

/ 0 0  

8 0  

5O 

4 0  

2 0  

0 I I I I 

1o-~ /o-~ io-Z io-I 

FIG. 3. Limit ing values of foU~. 
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the ~-potential at the oil-water interface as determined by Haydon (24) are 
also in qualitative agreement with the present picture especially with 
Fig. 2. For  low potentials ~- and ¢0 were identical. For  higher ¢0 ~-obs. re- 
mained more or less constant. For high ¢0 it decreased to some extent. This 
decrease must be explained by other factors, such as specific adsorption of 
ions and dependence of fw on the composition of the solution. The constant 
zeta potentials are dependent not only on the concentration but  also on the 
nature of the electrolyte and the nature of the soap (24); th i s - -a t  least in 
p a r t m m a y  be due to the influence of concentration and nature of the 
solute on f~ .  

b. Strong Influence of the Surface on the Viscosity 

We assume now that  several layers of molecules of the liquid are immo- 
bile with respect to the surface. The field strength outside this layer is 
already so low that  the viscosity does not deviate very much from 70 • This 
case can be treated as the classical, discrete slipping plane at a fixed distance 
(d) from the outer Helmholtz plane, with small viscosity correction ~ob,. ""  

When specific adsorption of ions in the adhered layer may  be neglected, 
= Cd and ~ are related through the equation 

/ X exp (.d) -}- tanh 
zF~" 

= [261  

exp (~d) -- tanh \4--RT/ 

where . is the reciprocal Debye length. 

, /80 -reVolt / . ~  ob~,~ ~ L O~ " 

/40 
120 
I00 
80 - 
50 4O 
2O 

¢ = !  

O i , , , i 

0 20  4'0 6'0 8'0 100 /20  /40 /60 /80200220  240reVolt 

FIG. 4. Relat ion between the observed zeta  potential ,  fob~. (-  - - - ) ,  the potential  
of the slipping plane f ( ), and the potential  of the out:er Helmholtz  plane,  ~ .  



ON THE INTERPRETATION OF ELECTROKINETIC POTENTIALS 511 

The relation between/- and ~ is shown in Fig. 4 for three concentrations, 
z = 1 and d = 10 A. The dotted curves represent the/%b~, values, corrected 
for the viscoelectric effect with the help of Fig. 1. 

For very high ~ the potential of the slipping plane approaches a constant 
value (independent of ~ )  given by 

"~ 1 + e ~d 
exp \2RT/ - 1 - e -Kd" [27] 

This constant value of F is seldom reached in practical cases. However, 
the electrophoretic mobility can become independent of ~ at much lower 
potentials as a consequence of the viscoelectric correction. Comparison of 
Fig. 4 with Fig. 2 shows that  in the case of Fig. 4 the constant electro- 
phoretic mobilities are found at much higher surface potentials. Indeed the 
rate with which the electrophoretic velocity grows constant is a measure 
for the thickness of the solvated layer (influence of the surface) and for the 
magnitude of the viscoelectric constant (influence of the double layer 
viscosity). The limiting values of ~'ob,. are, however, equal for both cases. 

The relation between ~ob~. and c is governed by the influence of the con- 
centration on the relations [21]-[23] and [26]. This influence is given in 
Fig. 5 for three values of ¢~. I t  shows that  the relation between ~" and log c 
is not linear. The slope varies with concentration and potential and is 
generally smaller than 58 my. per tenfold change in concentration. 

The observed zeta potential decreases more strongly with log c than the 
real one. At extremely high ~ (limiting case) the slope is equal to that  of 
Fig. 3. I t  should be noted that  ~ itself is usually a decreasing function of c; 
this makes the slope of the curve relating fobs. and log c for constant ~0 
steeper than that  for constant ¢J~. 

/ 5 0  
m Volt 

~:ob,,~ mo 

120  ""  " " - . .  

~oo . . . . .  -~°, ' , , i "  ~.. 

" 0  

6 O  

4 0  

2 O  

0 ' 
/0 . 5  /0 -4  /0 - J  /0 - 2  /0 - /  / MolI/L 

CODC. 

FIG. 5. Solid curves: relation between ~ and log c for constant  slipping plane at 
10 A (1-1 electrolytes; diffuse double layer, for three values of %). Dot ted  curves: 
corrected i--potential (~'ob~.). 
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An example of curves of this type are the ~--log c curves for glass, as 
measured eleetroosmotically by  Rutgers  and De Smet (25). 

The main point we wish to stress is tha t  the effects calculated in this 
paper  are sufficiently large and agreement with general experience is good 
enough to make a determination of the viscoelastic constant for water  and 
aqueous solutions highly desirable. 

SUMMARY 

The variation of the dielectric constant and the viscosity in the electrical 
double layer are considered. The Helmholtz-Smoluchowski equation for the 
electrophoretic mobili ty requires only insignificant correction for variations 
in the dielectric constant;  the variat ion in the viscosity can lead to con- 
siderable corrections, which increase with surface potential  and concentra- 
tion. Equations are given for the relation between electrophoretic mobili ty 
and surface potential  and are illustrated by  two examples. The concept of 
the slipping plane should be replaced by  a slipping layer of finite thickness. 
At high surface potentials, the electrophoretic mobil i ty is independent of 
the potential  but  depends on the electrolyte concentration. 
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