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Abstract-The electric work method is used to derive new expressions for electrokinetic effects produced 
by flowing fluids. The expressions are functions of channel geometry. The results are obtained from an 
equation of motion by superposition of reversible and irreversible phenomena. The equation of motion is 
an extended Navier-Stokes equation. The momentum transference factors, which describe the reversible 
conversion between mechanical and electrical energy or vice versa, are central new parameters. It follows 
from the equations that the streaming potential is opposite and equal to the electroosmotic flux, and that 
the streaming current is equal to the electroosmotic pressure. We also show how the streaming potential 
and the electroosmotic pressure effects are related; they differ mainly in their capability of storing electric 
energy. The new theory predicts a different dependence on electrolyte conductivity as does the classical 
theory. The streaming potential has not been explained, ie by surface conductivities, but by momentum 
transference properties between the wall and the solution. 
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INTRODUCTION 

Electrokinetic phenomena have so far been 
explained by membrane internal surface charges, 
zeta potentials, overlap of electric double layers and 
flow profiles[l-111. These concepts do not directly 
represent observable physical quantities. Thus, the 
internal membrane surface charge has not yet been 
identified by the forces on small macroscopic neutral 
bodies[12]. There is no clear distinction of reversible 
and irreversible effects on a macroscopic level, for 
instance a distinction between the electromotive 
force and the electric field inside matter. 

We consider this to be an unsatisfactory weak- 
ness of the classical theory and are therefore giving a 
replacement, based on our previous work on the 
electric work method[l2-141. A separation of irre- 
versible and reversible phenomena and a bypass of 
the electrostatic field inside matter is a major issue of 
this method, and also the method of Ferrland et 
al.[15]. These methods therefore represent a new 
understanding of electrochemical phenomena, as 
well as practical tools for description of the same. 
The electric work method[l2-141, which is a wholis- 
tic method, uses the principles of delocalized mass-, 
energy- and momentum conservation in a system 
which is seen as having the topological feature of a 
torus, closed or open. The theory of Ferrland et 
aI.[lSJ uses fluxes and forces from irreversible ther- 
modynamics, and Onsager reciprocal relations. Elec- 

* Author to whom correspondence should be addressed. 
t On leave from: Institute of Physical Chemistry and 

Electrochemistry, University of Karlsruhe, 76 128 Karls- 
ruhe, Germany. 

trostatic (microscopic) charge separations, as derived 
from, eg the space charge model, do not play any 
role in any of these methods. Energy conversions 
rather than internal electrostatic potentials are 
central. Observable quantities are connected by 
parameters referring to the boudary of the systems. 

When fluid is flowing in narrow channels, we dis- 
tinguish between irreversible and reversible contribu- 
tions to the total process of volume flux[14]. 
Reversible contributions are those which change sign 
with the pressure gradient or with the driving electric 
current. Irreversible contributions are due to diffu- 
sion and other dissipative effects, ie viscosity in 
laminar or turbulent flow[ 161. Irreversible processes 
lead to heat evolution only. Reversible processes 
may be connected to delivery of work, after supply of 
work. Laminar flow is bulk flow. This flow domi- 
nates in geometries of pm dimensions, while diffusion 
is most important when channels have molecular 
dimensions. The present analysis can be applied to 
both types of flow. 

We extend our previous work on electrokinetic 
phenomena[14] by giving a derivation of observable 
quantities from local variables. The Sax&n relations 
shall be derived without using Onsager reciprocal 
relations. After a derivation of expressions for the 
electrokinetic effects, the method is discussed and 
compared to the conventional descriptions. 

PRINCIPLES 

A schematic representation of the system is given 
in Fig. 1. The central part of the figure is the electro- 
kinetic cell. Pressure differences can be produced 
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I 

Fig. 1. Schematic representation of the electrokinetic cell arrangement. The central field containing the two electrodes is 
filled with an electrolyte solution. The electroactive slit has length 1. A pressure difference p1 - p2 can be applied across the 

slit. Other details are described in the text. 

between the half cells by movement of two pistons. 
Reversible electrodes are dipped into a uniform elec- 
trolyte solution. For simplicity we use a l-l electro- 
lyte of concentration c,. The half cells are connected 
by channels of specific geometry. We shall examine 
(1) a rectangular channel with height 22,, breadth a 
and length 1, and (2) a cylindrical pore with radius r, 
and length 1, with zO, rO < 1. The emf of the cell is 
E may, the condenser representative for the circuit, has 
capacitance C, and the circuit resistance is R. The 
two electrodes may be connected in the outer circuit 
to an electrochemical cell with emL E,, , or they may 
be short circuited. ’ 

The emf E,, is balanced by the following terms : 

L = --%,v + IR +; 
I 

‘1 dt (1) 

The liquid velocity u is a function of z and t given 
by: 

+$+$_[!&%-Jj (2) 

where p is the mass density and r] the viscosity of the 
liquid. The constant pressure gradient is Ap/l = (p, 
- pJl. The electric current has a sign which con- 
forms with the velocity of positive ions, v+ > 0. 
Equation (2) is our extension of Navier-Stokes equa- 
tion. It can be compared to the familiar equation for 
component mass conservation along the x-axis in an 
electrochemical cell. 

(3) 

The rate of change of the salt concentration, ci, is 
given by an incoherent diffusive contribution and a 
direct rigid connection to a device outside the 
system. The last term of this equation corresponds to 
the last term of equation (2). Our extension of 
Navier-Stokes equation is at variance with other 
extensions[l-61, The final term of equation (2) is the 
x-component of the vector divergence of the excess 
stress tensor, T. This stress tensor, connected with 
the electric current density, is in excess of the ordi- 

nary pressure tensor: 

Q,.L aYiY a,_L 

T =(~,A = kj, pY_iY k.i, 

(. . =x-lx ZYJY ~,L 1 

The components of the vector {a, p, T) are given the 
name “momentum transference factors”. They differ 
in magnitude from the definition chosen earlier[l4]. 
Also the symbols chosen are slightly changed. The 
physical meaning is, however, the same. The com- 
ponents 7 and p are the transverse transference 
factors, and u is the longitudinal transference factor. 
Transverse and longitudinal refer to the direction of 
the electric current. In our arrangement, the y- 
components are zero, and j = j,, so that the only 
contribution left is given by equation (2). In the 
steady state (j = 0), equation (2) has the solution: 

u = -!_ (z; - z2) Ap w 
The electrokinetic effects shall be derived from equa- 
tions (l-4). 

ELECTROKINETIC PHENOMENA 

The streaming potential 

The steady state situation with Ap # 0 and 
du/dt = 0 is of interest. In the chosen geometry we 
have u = u(z), T = r(z) and u = a(x). The electric 
current density, j, is constant with respect to z. This 
assumption may be questionable in certain situ- 
ations. The velocity is the vector u = {u, 0, 0}, and 
u = u(z) is the velocity at z. The z-axis has its origin 
in the center of the channel. 

We multiply equation (2) with u(z) and a, and inte- 
grate with respect to z, from - z, to z,. The length 
of the whole liquid column in L, and L > I, which is 
the thickness of the membrane. Outside the range 
0 < x < 1, we assume that all terms except the first 
are zero. We integrate again with respect to x and 
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zo du 
aL s _,,uP z dz = ad I z” d2U 

_ZOu s dz + a AP s PO 

_ZOu dz 

s 

=O dr - ajl 
yGUdZ 

-ajl$(j’:;dz)dx 

(5) 

The term on the left hand side is the rate of change 
of kinetic energy of the system, the first term on the 
right hand side is the frictional internal energy pro- 
duction per unit time. The term containing Ap is the 
mechanical work supplied to the system per unit 
time. The last two terms are the electric work per 
unit time delivered to the system. Work produced 
can be used to charge the capacitor, see equation (1). 
The electric work delivered to the system per unit 
time is : 

The contribution from terms quadratic in I are small 
enough to be neglected. We are only interested in the 
steady state, and do not need a full integration of 
equation (5) with respect to time. The contribution 
to the electric work due to the transverse effect is 
from equation (5): 

=-r-t 
s 

*O dr 
z. o z u(z) dz (7) 

where we have introduced I = 2z,aj. It follows that 
the contribution to the electromotive force from the 
transverse effect is 

We may expect that the value of T depends on the 
distance from the wall. For mathematical simplicity, 
we introduce the simple function (see Fig. 2): 

t(z) = ; (z - z. + 6z) zo - 6z < z < zo 

5(z) = 0 -z,+6z<z<z,--6z 

5(z) = - ; (z + z. - 6z) -zo < z < -zo + Liz 

(9) 

where 6z is the extension of the interfacial layer. In 
this layer the liquid is coherently split to produce 
different ionic velocities. By introducing equations 
(4) and (9) into (8) we obtain the contribution to the 
electric work from momentum transfer at the walls. 

T Ap I0 
Et*““’ = _ _ 

mov s 2vo~z ro-ar 
(z; - z2) dz (10) 

0 
/ 7 
I 

I 
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I 
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Fig. 2. The transverse momentum transference factor as a 
function of z adopted in the present treatment. 

The result of the integration is : 

(!k>“““‘= -$(l _z) (11) 

The electrical potential is independent of the channel 
height, 22,) when the interface layer is relatively 
small, 6z + z,, ie large channels: 

7 6z 
=_- 

24 
(14 

This expression becomes independent of channel 
cross sectional area after some point (provided equa- 
tion (4) is valid). For small geometries, however, we 
may expect that 6z = z, We then obtain: 

tra”S t 6z zzo -= -- 
= - 3~) 311 

(13) 
20-0 

As z, becomes smaller, this part of the streaming 
potential goes to zero linearly. In many cases, ie in 
porous membranes the transverse effect is the 
dominating contribution to the streaming potential. 
We show in Appendix 1 that the corresponding con- 
tribution from the momentum transfer in the longi- 
tudinal direction is: 

png _ _ A&! (y 
nw” - 

3tl 
(14) 

where the derivative u’ = (do/dx) is valid for the bulk 
and assumed to be constant with z. The contribution 
to the streaming potential from the longitudinal 
transference factor increases with zf. For larger 
values of z, the assumption of constant j and laminar 
flow may not hold. The total streaming potential is 
obtained by adding transverse and longitudinal con- 
tributions. We have 

The electroosmoticflux 

Expression(l5) can also be derived for the electro- 
osmotic flux (but with negative sign) without intro- 
ducing new assumptions. The volume flow is : 

s 

IO 

s 

10 
J, = a u(z) dz = 2a u(z) dz (16) 

-10 0 
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The fluid velocity in this experiment is obtained from 
equation (2) when Ap = 0. Steady state conditions 
gives : 

(17) 

Equation (17) is integrated twice with respect to z for 
constant j. With equations (11) and (A13) we get: 

W) da 

‘I dz 
-=r(z)j+C,+-zj 

dx 

du(z) r 

’ dz 
- = 6~ (z - z0 + 6z)j + C, - a’zj 

Z ,-6z<z<z, 

WZ) 
VT= -a’zj 0 < z < z0 - 6z (18) 

The boundary condition u(zJ = 0, and the bottom 
line of equation (18) are used for determination of 
the integration constant. The result of the second 
integration is then : 

u(z) = - ZJ c&z; - 22) + (z. - Gz)(z - ZJ] 
? & 

+ 2 (z; - z’) 
2rl 

(19) 

The average velocity produced in the layer 6z by 
the transverse effect, is obtained by integrating over 
the edge zone : 

I z” u(z) dz 
Zo-dz 

X s z;;6zal:(i; - z2) + (zo - W(z - ~011 dz 

7 6z 
z--j 

3rl 
(20) 

With equation (16) we have for the edge zone: 

(J,)FY= -U&a z- (-) 6 -1: 3 1 (Sz)20j 

1 z (sz)2 I = _---- 
3rl zo 2 

(21) 

From equation (19) we get for the central part of the 
channel: 

(J”):b”l’d, = - $ a(zo - sz)j (22) 

Integration of the longitudinal term across the cross 
sectional area gives : 

(23) 

The sum of equations (20-23) is divided by the elec- 
tric current to give: 

J" 0 T (24) 
Ap=O 

The Saxen relation follows from equations (24) and 
(15): 

(%>,_. = -(+).,;. (25) 
Many experimental situations are such that the 

contribution from the longitudinal transference 
factor becomes negligible. We shall therefore neglect 
this term in the following derivations. It can, 
however, easily be included into the equations, and 
the neglect does not affect the validity of the conclu- 
sions reached. 

The streaming current 

The streaming current is given from a short circuit 
experiment, when E,, = 0, and there is a negligible 
storage capacity of electric energy. This means that 

1 ’ 

CO s 
I dt’ = 0 (26) 

The electromotive force, E,,,, is given by equation 
(11). By introducing equations (11) and (26) into 
equation (1) we obtain the electric current: 

(27) 

The volume flow, J,, has two parts, one caused by 
the pressure difference and one caused by the electric 
current. The first part is obtained from equation (4) 
by integration over z. The second part is obtained 
from equations (21) and (22), it is the first term on 
the right hand side of equation (24). The sum of these 
contributions is: 

Combination of relations (27) and (28) gives: 

J,+$[I -tf(~(l -$>“]Ap (29) 

where the resistance R has been replaced by the spe- 
cific conductivity of the solution : 

1 

K=2az, (30) 

Expressions (27) and (29) are combined to give the 
expression for the streaming current: 

For reasons given above, we have dropped the 
superscript “trans”. In the limiting situation of large 
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pores, 6z/z, -+ 0, we get 

(32) 

and if Sz = zo (small pores), the result is: 

The electroosmotic pressure 

The volume flow which appears in the initial 
period of this experiment is controlled by the applied 
electric current and the pressure difference which 
results from the volume flow, ie by equation (28). 
Again we assume that it can be ascribed to the trans- 
verse transference factor only. We introduce the 
appropriate equation (2), E,, + E,,, = RI, into 
equation (28) and obtain: 

T 6z u&x + Km,) 
J,,= -- 

l _ 1% 
2v R ( > 3 zo 

E may can be eliminated by application of equation 
(11). We then obtain : 

+;!.$Ap+[z$+;!z)~$ (35) 

The steady state has J, = 0. By application of this 
condition into equation (35), we obtain the electro- 
osmotic pressure : 

(36) 

The expressions (31) and (36) show that: 

(37) 

In irreversible thermodynamic theory, a distinction 
is not made between E and E,,. To get agreement 
between our approach and this theory we replace E,, 
in equation (37) by -E. 

Cylindrical pore geometries 

The expressions given above for a fluid flowing in 
a channel with rectangular opening, can be reformu- 
lated for other geometries. The cylindrical pore (ie a 
capillary) seem to be the most common experimental 
model system. For a cylindrical pore, equations 
similar to equations (5-15) give: 

For very small pores we obtain: 

(39) 

For very large pores, h/r, + 0, the limit expression 
is similar to that of equation (12). With cylindrical 
coordinates the fluid velocity, driven by the electric 
current, is the following function of r : 

T 
u(r) = - - [+(ri - r’) + (r. - dr)(r - ro)]j 

rt 6r 

giving in particular; 

r. - 6r < r < r. (40) 

T 6r 
u(ro - br) = - _ j 

3 

From these expressions the same expression as equa- 
tion (25) (apart from the sign) can be derived for the 
electroosmotic flux, following the pattern developed 
in the preceding section. The expressions for the 
streaming current and the electroosmotic pressure 
are : 

4T*rK(l -f$+fpJ) 
i;).,-,[,_2$31 _x+E)>‘] 

(42) 

The limit value for very small pores is : 

(ii=0 = (l _ ;z+)ro (43) 

and for very large pores we obtain : 

I 

0 

4r drK 

J, &=O = - rg 
(44) 

Integrations can include a more complex function 
for r(r) than shown in Fig. 2. Interpretation of 
experimental results will eventually give the appro- 
priate form of the function. It can be shown that 
Sax&n’s relations remain valid. 

Some numerical values for can be given for elec- 
trokinetic effects produced by a lo-‘km01 mm3 KC1 
solution. The specific conductivity of the solution is 
K = O.l4ohm-‘m- r. The viscosity is taken as that 
of water at 25°C r~ = 10-3Nsm-2. A typical value 
for the streaming potential is (E,,,/Ap) = 
lo- * V Pa- ‘[ 11. Assume furthermore a cylindrical 
pore having 6r = r, 7 1OOnm. It follows from equa- 
tion (39) that t = 4 x 10-4NA-1. The dimension- 
less factor in equations (33) and (43) is accordingly 
T*K/~ = 2.2 x 10m5, which shows that the term can 
be neglected compared to 1 in these equations. 

DISCUSSION 

Friction electricity between walls and solution 

A qualitative interpretation of equation (8) can be 
given in connection with the behaviour of duldt. The 
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emf contribution from this equation may be rewrit- 
ten : 

where ii is the average velocity of the liquid. With 
E,, = 0, we obtain for short times after t = 0 from 
equation (2) that the integral is zero and that: 

I1 
E-S = _ 

nlav 
AK 

By comparing the two last equations we find that 

dz _ 
‘=KzU 

We introduce equation (47) into equation (2) and 
obtain for short times after f = 0: 

du d2u Ap dT2_ 
P~=‘Q+T-K~ U 

0 
(48) 

This equation expresses that charging of the capa- 
citor leads to a reduction in du/dt. For long times, 
when j is close to zero, combination of equations (1) 
and (45) gives 

Cl dr d17 -_-=’ 
A dz dt ’ (49) 

A physical interpretation of this relation is obtained 
by applying the approximation dtijdt = duJdt in 
equation (2) to give: 

The effect of the electric circuit connected to the cell 
is as if the mass density of the system were increased. 
Equation (50) holds for long times only. 

The momentum transference factor 

We have chosen the sign of z in such a way that its 
derivative with respect to z is positive at the walls. 
This has the consequence that j has the same direc- 
tion as u, in the case that we produce electrical 
energy from mechanical energy. This is evident from 
the equation: 

du d2u dr ---. 
‘dt=‘dz’ dz’ 

When Ap = 0, but u > 0, creation of electric current 
requires duJdt c 0, which must hold independent of 
the value of 9. Then mechanical momentum must be 
removed form the system close to the walls. The sign 
of the first term also provides for this. On this back- 
ground we use from now on that dr(z)/dz = 7/6z, 

with 7 = t(z,). The term 7/6z is analogous to dt+/dx 
in equation (3). While -dt+/dz describes the mass 
accumulation or depletion connected to electric 
current[ 131, - 7/6z describe momentum production 
connected to the same. 

A representation in terms of species velocities 

The physical feature governing the electrokinetic 
effects is the generation of unlike velocities, c and v. 

The fluid velocity ii and the mean ionic velocity, v, 
differ in magnitude and direction as external and 
internal conditions are changed. 

Models which explicitly describe the separation of 
velocities may thus be useful. We distinguish 
between the situations where the average fluid veloc- 
ity, fiex. is produced by an external force, from those 
where the velocity I is produced by internal means. 
Similarly, the salt velocity produced by external 
means is v,,,,, while v, is produced internally as a 
consequence of other external actions. The velocity 
v, is defined as 

v, = !Z- (ii - i&,) (52) 
P, 

where p, is the partial mass density of the solute and 
%Ol” is the mean velocity of the solvent. 

The streaming current for small pores (equation 
(33)) can be approximated by 

I j 7K 
_-=- 

J, - ii,, z. 
(53) 

We shall use this approximation to obtain more 
physical insight into the electrokinetic phenomena. 
The momentum, P,, derived from opposite move- 
ment of anions and cations is: 

P,=Al(t+M+ -t-M-); 

where M, and M _ are the atomic masses of the 
cations and anions respectively, A is the cross- 
sectional area, t, and t_ are transference numbers, 
and t, + t_ = 1. On the other hand, for the solute 
as a whole we may write the expression for total 
momentum from mechanics: 

P, = psvsAl (55) 

Combination of equations (54) and (55) gives: 

v,P,F 
J = t+(M+ + M_) - M- 

(56) 

The transverse transference factor is then from equa- 
tions (53) and (56): 

P, Fz, v, 
’ = [t+(M+ + M-) - ik_]ii,,K 

(57) 

The streaming potential is accordingly, from equa- 
tion (13): 

PS Fz; 
L!- (58) 

,=,, = 3[t+(M+ + M_) - M-1 ii,, ?jK 

A well defined limiting value can be assumed for 
small velocities, because of the mutual connection of 
v, and t+M+ - t-M_ toj. 

The electroosmotic flux can be written: 

J ii 
2=- 

1 7zo 
= --- 

I j,, 3 v 

where subscript ex refers to external supply. The 
external electric current is used to produce a mean 
drift velocity of the liquid. The salt velocity is there- 
fore also a consequence of the external source. 
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Equating momenta gives : 

V 

L = 
S,eXPSF 

t+(M_ + M,) - M- 
(60) 

When this is introduced into equation (59), we 
obtain : 

3~ [t+(M+ + M-) - M-1 ii 
r= -- 

zo P,F c @l) 

The formula is introduced into the expression for the 
electroosmotic pressure, for the limit case given by 
small pores. We then have: 

3[t+(M+ + M-) - M-1 - 
=- 

P, Fd 

ICI] -5 
vs. ex 

(62) 

The streaming potential is according to these deriva- 
tions the negative inverse effect of the electroosmotic 
pressure, apart from the fact that ii/v,_, is not the 
inverse of v,/U,, . 

This simplified treatment shows that electrokinetic 
phenomena are dynamic phenomena. A central 
feature of the phenomena is the ratio of the two 
velocities, the salt velocity and the velocity of the 
bulk medium. The velocity ratio v,/i&, represents a 
displacement of cations relative to anions per unit 
displacement of the total liquid at the wall and rela- 
tive to the wall. It causes charging of the capacitor in 
the external circuit. This may be understood as 
separation of charges. 

Classical theories 

The Sax&n relation, equation (25), was first derived 
as an empirical relation[19]. After the development 
of irreversible thermodynamics, Onsager reciprocal 
relations were used as a proof for the relationship, 
see eg Mazur and Overbeek[20]. Onsager reciprocal 
relations are proven for local, not global conditions, 
however. We may therefore argue that no satisfac- 
tory theoretical proof has been given for equation 
(25) from irreversible thermodynamics. Equation (25) 
is derived in this work from the equation of motion, 
which connects reversible and irreversible contribu- 
tions. 

The classical expression for the streaming poten- 
tial and the electroosmotic flux is[ 1,2] : 

($_, = -($),;, = f @j3) 
where E is the dielectric constant, and 6 is the zeta 
potential (in V). For very dilute solutions and small 
capillary dimensions, the equation takes the form: 

4 

,=o = ‘f(K + 2&/r) 

where K, is the surface conductivity of the walls in 
the capillary. Sax& relations have not been demon- 
strated for expression (64). Refinements of the theory 
are given[2,4-6,9-111. It can be seen from equation 
(64) that (E/Ap),=, +O as r +O. This limit value 
agrees with the limit value of equation (13). There is 

a major difference, however. While equation (64) 
makes the electroosmotic flux dependent on (KV)-~, 
equation (13) indicates a proportionality with q-l 
only. This means that one of the formulas must be 
incorrect. 

The streaming potential in the classical theory is a 
charge separation caused by the mechanical force on 
the system. The mechanical force acts in the direc- 
tion of the liquid flow, and causes a charge separa- 
tion as a consequence of the Poisson-Bolzmann 
distribution in the z-direction, perpendicular to the 
walls. The connection between our equation (2) and 
the classical derivation is made by writing first: 

(65) 

where d = Er$/l is the electric field. When Kdr/dz is 
replaced by the local charge density, pq, we obtain 
the classical expression: 

2 

p~=rl~+~-p,~ (66) 

Also in equation (66) viscosity acts against the accel- 
eration of the liquid, but the velocity of the liquid 
incorporates an electric current, a convection 
current. This electric current is supposed to generate 
an electric potential drop in the x-direction, giving 
the streaming potential. The streaming potential also 
causes a conduction current. The sum of the two 
currents is zero. According to this picture, Navier- 
Stokes equation is not recovered in the steady state 
and there is a permanent production of Joule heat in 
the steady state, due to the conduction current. The 
conduction current is the reason for the appearance 
of K in equations (63) and (64). 

Three critical comments may be given at this 
point: Firstly, an electric current should contribute 
to energy dissipation as heat. No such heat evolution 
has been observed so far. Secondly, a reversal of the 
convection current should be seen when the pressure 
difference is released. This has also not been record- 
ed. Thirdly, if the en& E’, is generated by the convec- 
tion current, then the measured electric potential in 
the expression (E/A&=, is related to the internal 
quantity by E = E’RJR, + Ri), where R, is the 
resistance of the conductance current, and Ri is the 
internal resistance of the generator. 

The emfis a reversible phenomenon. This excludes 
in principle dissipative effects caused by electrical 
conduction whereas dissipative effects due to diffu- 
sion or viscosity may exist. The steady state stream- 
ing potential is that of an electric field outside the 
liquid, caused by interactions between the flowing 
liquid and the capillary walls (friction electricity). 
Only during the initial phases of the process, in the 
first building up of the field, there are dissipative 
energy losses with K being of importance. In the 
steady state, the process with respect to charging of 
the capacitor, is reversible, so that the electric dissi- 
pative effects become insignificant. 

By comparing equations (58) and (63) it may be 
close at hand to link the zeta potential to a relative 
ionic velocity multiplied by a number density of 
charges, and to understand this as charge separation. 
It should be noted, however, that the velocities 
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forming the v, of equation (58) are constituent veloci- 
ties of a chemical compound, which do not yet imply 
charge separation. The electric current connected 
with v, - v_ is a process parameter which causes 
coherence of phenomena including the formation of 
an external electric field. 

The electroosmotic pressure in the classical treat- 
ment is obtained by setting the Hagen Poiseuille 
volume flow equal to the volume flow produced by 
an electric potential (the emf). The electroosmotic 
pressure and the streaming current obtains the form 

AP ( > EC - =- 
E ex J,=O r2 

(67) 

The electric conductivity is absent in this formula. 
The classical theory relates the electroosmotic pres- 
sure and the streaming current directly to the 
reversible zeta potential, while we argue that these 
phenomena are dissipative. In the classical theory we 
have a lack of distinction between the electromotive 
force and the local gradient of electric potential, ie 
there is an electric field strength as such in equation 
(67). 

CONCLUSIONS 

The formulas for the electrokinetic phenomena in 
the present theory are the results of a dynamic 
process analysis. Mechanical and chemical energy 
changes in the pores and at the electrode surfaces are 
converted into electric work in the outer circuit or 
vice versa. The central factor describing this conver- 
sion in all experimental situations is the momentum 
transference factor. Otherwise, the viscosity may play 
a role for the streaming potential and the electro- 
osmotic flux, while the electric conductivity and vis- 
cosity (in second order) enter the expression for the 
streaming current and the electroosmotic pressure. 
This information may prove useful for explanation of 
electrokinetic properties, but also for design of 
special purpose materials. 

The dynamic process analysis presented here for 
electrokinetic phenomena is characteristic of the 
electric work method. This method was used to 
analyze other electrochemical phenomena, the 
thermocell[21], the simple concentration cell and the 
formation cell[l3]. The usefulness of the electric 
work method has thus been further demonstrated. 
We have been able to show that electrokinetic phe- 
nomena are related in various ways. The shift of 
focus from (static) potential variations to energy con- 
version may turn out to be fruitful in applications of 
the theory, as energy conversion issues become 
increasingly more important in the future. 
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APPENDIX 1. CONTRIBUTIONS FROM 
LONGITUDINAL MOMENTUM 

TRANSFERENCE FACTORS TO THE 
STREAMING POTENTIAL 

The term containing the longitudinal transference 
factor 0 in equation (5) has the integral correspond- 
ing to equation (7) equal to: 

We assume a similar function for d as for z: 

u, - Ob 
0, = u, - - x 

SX 

u, = Ub + y (x - 1 + 6x) A(2) 

where subscripts a, b, c mean anode, bulk and 
cathode respectively. The derivatives for the various 
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sections of the cell are accordingly : With identical electrodes the two first terms of the 

da 

0 

parenthesis cancel, and the electric work contribu- 
u. - Ob tion is from equations (Al) and (A4): 

dx. 
=_- 

sx 

=- A(3) 

The integration between Ihe electrodes yields: 

Dtvision by the Electra current gives : 

s ’ do 
- dx = -(a, - aC + dn 

o dx 
A(4) E long _ AP4 

lmw - 

I 

31 u 
A(6) 


