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I . - INTRODUCTION 

The application of electrokinetic phe-
nomena in foundat ion and civil engineering 
has increased since a period of ten years 
and new procedures have been establislied 
and appl icated in practice. Regarding the 
l i terature , only lit t le progress in fundamen t -
al researches has been published. Of ten 
t h e pnblicat ions are repeti t ions of the known 
fac ts or represent par t ia l research wi thou t 
considering t h e basic laws, as a l ready 
s ta ted by L. Casagrande ( l) (*). Considering 
t h e development of theories on electrosmotic 
g roundwater flow there m a y be seen t h a t 
s ta r t ing f rom the Helmholtz theory , t h e 
general basic laws developed by t h e au thor 
and R . Haefel i were published a l ready in 
1946-1948 (2"s): 

VF = 1\ • J N + HC • E [1] 

vF = — g r a d (k-0H + K-0e) [2] 

Ic-A0H + D B . A 0 e = —Ine [3 ] 

(valid in C.G.S.-System) 

as well as approxima,tive formulas for com-
puting' electrosmotic fllter-well systems. I n 
the equat ions 1-3 t h e symbols mean the 
following magn i tudes : 

v F = to ta l Alter speed 
le = hydraul ic permeabi l i ty coefficient 

(Darcy) 
7;:e = electrosmotic permeabi l i ty coeffi-

cient 
Jh — hydraul ic gradient 
E = electric field s t rength (electric po-

tent ia l gradient) 
0h = hydraul ic potent ia l 

(*) The numbers refer to the references at 
the end of the paper. 

0E = electric potential 
DB = dielectric Constant of soil 
e = electrical charge densi ty of the space 

uni t 

I n 1949 L. Casagrande published a simi-
lar theory , practically t h e same, b u t re-
nouncing to the t r e a t m e n t of the above 
general laws for electrosmotic. flow in 
porous media (6). T h e dift'erential equat ion 
[3] shows by its Laplacian character , t h a t 
t h e electrosmotic phenomena base on similar 
potent ia l field laws like apparen ted phe-
nomena: 

the rmic phenomena, bea t transmission 
electric pnenomena 
g roundwate r flow 
elastic phenomena 

and t h a t solutions of problems with similar 
boundary conditions in these dominions 
may be t rans formed to problems of elec-
trosmotic flow. Only little use of these 
relations has been made e.g. by Win te rkorn 
t rea t ing questions of this charac ter (') (*). 

I n fo rmer publications t h e au tho r men-
tioned, t h a t since the es tabl ishment of the 
Helmhol tz theory discussions and contra-
dictory views arised and t h a t these que-
stions never were solved. F u r t h e r the 
application of this theory reaches certain 
Hmits, where the hypothesis of Helmhol tz 
is no more valid and leads to results con-
t rad ic tory to observation. I t m a y be 
briefly s ta ted, t h a t for ali problems dealing 
with the influence of d iameter of capillaries 
these contradictions appear decisive. 

(*) After the aoeomplishment of the mauus-
cript diverse publications have appeared 
representing reinarkable steps in the develop-
ment of electro-osmotic base researcli. [16-19], 
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In t h e succeeding pai'ts, t h e following 
symbols are used: 

SymbolIs 

a -
a\iE--
c 
C = 
d = 
Z> = 

radius of capillary 
ions ac t iv i ty of chemical solutions 
concentrat ion of chemical solutions 
coefficient of doublé layer effect 
d iamete r of capillary 
dielectric Constant of liquid (water) 

Db = dielectric Constant of soil 
e = electric charge 
E = electric field s t rength 
f = area, cross section of capillary 
fa = act ivi ty coefficient. of chemical so-

lutions 
F = area, cross section 
ìc = densi ty of electric current of capil-

lary (medium density) 
h = densi ty of electrolytic cur ren t 
ico = densi ty of electrosmotic cur ren t 
Jn = hydraul ic grad ien t 
J = cur ren t s t r eng th 
Jn = electrolytic cur ren t s t rength 
' K = electrosmotic current s t rength 
li = coefficient of hydraul ic permeabi l i ty 

(Darcy) 
h = coefficient of electrosmotic permea-

bil i ty 
K = act ive force 
IC = passive force 
l = length of capillary 
n = porosi ty 
Q = discharge 
r = radius 
Ro = gas Constant 
^ = electric surface resis tance 
Rq = electric resistance (Ohm) 
t = t ime 
T = t e m p e r a t u r e 
T •L a = absolute t e m p e r a t u r e 
TJ = potent ia l difference (voltage) 
u = flow velocity 
uc = electrosmotic speed in capillary (me-

dium speed) 
ua> = electrosmotic speed of b o u n d a r y 

layer 
Ve = electrosmotic filter speed 
VP = hydraul ic filter speed 
X = variable length 
z = sliding Constant (Lamb) 

P = 

& = 
6 = 
e = 
F = 

V = 

K = 

1 = 

0 
Ql 
Qw 

T 

f 
Va 

(pi 

A(p 
Acp0 

0 E 

0 H 

ra t io of electrosmotic and electro-
lytic cur ren t 

fr ict ion coefficient (Lamb) 
coefflcient of electrosmotic act ion 
thickness of doublé layer 
electrical charge densi ty 
e lektrokinet ic par t ic le potent ia l 

(Hebnlioltz) 
viscosity 
rat io of elektrokinet ic par t ic le po-

tent ials 
t r ans format ion fac tor 
modifìed electrokinetic par t ic le po-

ti ut ial 
speciiic electric resis tance 
specific electric resistance of liquid 
specifìc electric resistance of surface 

cc iuc t ion 
shearii resistance 
poten t ia l of bounda ry layer 
potent ia l of outer face of b o u n d a r y 

layer 
p o t e n t i a j of inner face of b o u n d a r y 

laye± 
= potenti ; 1 difference 
: normal potent ia l against no rma l 

hydro. en electrode 
: electric > otent ia l 
= hydraul i potent ia l . 

I I . - CLASSIC BASBS OF ELECTROSMOTK 
F L O W 

F o r the followi deductions t h e deter-
mining points of t h diverse types of hypo-
thesis will be outlii d: 

' / / / / / / / / / / / / / / , - ' / / / / / / / / / / / A 

negative 
electrode 

Ì / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / M 

l-

capillary wall 

j boundary layer 

I + pos. electrode 

I boundary layer 

capillary wall 

Fig. 1. — Capillary condit;ons of electrosmotic 
flow, according to Helmholtz 

a) Helmholtz1 s Hypothesis: Fig. 1 

1) Besides o ther assumpt ions Helmhol tz( 8 ) 
supposes, t h a t witliin a th in b o u n d a r y film 
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t h e velocity of liquid increases f rom zero 
on t h e wall to t h e m a x i m u m uc. 

2) T h e in tens i ty of electric cur ren t is 
un i formly dis t r ibuted on t h e whole section 
of capillary. 

3) W i t h i n t h e interior of t h e capillary 
sect ion t h e part icles of liquid are t ranspor-
t ed wi th t h e above speed uc. 

The resul t gives a fo rmula similar to 
the Helmhol tz law, b u t wi th a Constant 

z 
fac tor . I n t h e case of z = d t h e two 

o 
laws are identical . One m a y easily show, 
t h a t this holds for assuming laminar flow 
(opposite to t h e point of view of Lamb) 
within the b o u n d a r y layer. 

These assumptions lead to t h e well 
known law of electrosmotic capillary speed, 
which is valid for C.G.S.-system and nor-
mal ly serves as a theoret ical basis for con-
siderations of tlie electrosmotic coeffìcient 
of pe rmeab ib ty Jce: 

QL • D D 
UC = c c=l -T • E 

4 Tir] 4 nr] [4] 

wherein: 

u t — 

C = 
Ql = 
D = 
V = 
io = • 

E = 

medium electrosmotic speed in ca-
pillary 

e lect rokn etic part icle potent ia l 
speciflc e ectr ic resistance of liquid 
dielectric Constant of Uquid phase 
viscosity of t h e liquid 
electrical cu r ren t densi ty in the 

capillary 
electrical fi ;id s t rength . 

b) Lamb's hypothesis 
• : 

L a m b considers the bounda ry film as a 
electric doublé layer of thickness ò, whe, J 
t h e inner layer displaces relat ively to t e 
fix outer layer unde r t h e act ion of electri 4 
forces (9). H e introduces a fr ict ion co 
cient /3 be tween t h e two layers and obt .tls 
(when t rans fo rmed to t h e Helmhol tz LX-
pressions) : f 

c) Perrin's hypothesis. 

I n t h e first period of t h e development of 
ba i ic knowledge of electrosmotic flow t h e 
deductions of Perr in gave one of t h e most 
in ipor tan t advances sliowing t h e relation 
between electrosmosis and physical cbe-
r ik t ry (10). His physical conception on 
c fectrosmotic flow is practically t h e same 
as the Hebnhol tz hypothesis. B u t his 
deduct ion of the law gives the most elegant 
and simplest way of derivation and was 
determining for t h e considerations of this 
^aper . 

Per r in considers t h e doublé layer as an 
electric condenser wi th a certain capacity, 

- a most useful conception for deduct ion 
9 (Fig. 2). 

T h e conception of Per r in is the follow-
ing one: 

If in the moving p a r t of t h e doublé layer 
t h e un i t densi ty of electric charges is e and 
E t h e electric field s t rength , the act ive un i t 

: ' force on moving layer is e • E and assuming 
laminar flow within t h e layer of thickness 

ò the passive force is rj • therefore: 

E = T) 

uc = 

QL • D 

én-ò-P 

e •E 

V 

[7] 

[8] 

le [5] 

W h e n /5 is t r ans formed to — , wherein rj 
z 

means the viscosity, z a sliding Constant, 
the following expression is obtained 

Considering t h e doublé layer as a condenser 
the difference of potent ia l (<pi — (pa) = Q 
of t h e doublé layer is obtained (Eg being 
t h e electric field s t rength of doublé layer) 

. 4 jre 
£ = E Ò • Ò = — • Ò D 

Uc = C 
Qi. • D 
4 xr\ le [6] e = 'Q-D 

4 nò 

[9] 

[10] 
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in t roduced in eq. [8] 

uc = C • E 
4 n r j [11] 

In t roduc ing E = QL . jc t h e e lectrokinet ic 
speed becomes: 

uc = C ~ 
Ql. D 
4 Tir] le • [12] 

according to t h e He lmho l t z fo rmula [4], 
F u r t h e r Per r in has in t roduced t h e rela-

t ion be tween t h e -potent ia l a n d concen-
t ra t ion of t h e l iquid. This re la t ion follows 
in a m o d e m f o r m ( u ) , t a k i n g in consider-
a t ion t h e advances of phys ica l chemis t ry 
since t h e t i m e of Pe r r in . If Acp des ignates 
t h e po ten t ia l d i f ference of a m e t a l aga ins t 
i ts solution w i t h t h e ions ac t iv i t y : 

0>MF — 1a [13] 

where /„ m e a n s t h e ac t iv i ty coefficient and 
c t h e concen t ra t ion of t h e solut ion in Mol/ 
L i te r t h e po ten t i a l difference becomes: 

B T 
Acp — A<p0 + 0.277 + 0 " In aMr vo l t s [14] 

n • E t-

where : 

Arpa = 

B0 

T J- a 
n 
E 

— n o r m a l po ten t i a l aga ins t n o r m a l 
hydrogen e lect rode 

= gas Constant = 8,31 Joule/Grad 
= absolu te t e m p e r a t u r e 
= valence of t h e ions 
= Constant of Faradays law = 

A m p • sec = 96.500 
Mol (valence 1) 

Mol 

Table 1. — NORMAL AND ABSOLUTE POTEN-
TIALS (from ref. 11) 

Element 
Normal 
potential 

Volt 

Absolute 
potential 

Volt 

Li - 3 .02 — 2.743 

K - 2 . 9 2 - 2 .643 

Na — 2.71 - 2 .433 

Al 1.28 - 1.003 

Mn - 1 . 0 8 — 0.803 

Zn — 0.758 - 0 .481 

Fe - 0 .43 - 0 .153 

P b — 0.12 + 0.157 

H2 0 + 0.277 

Cu + 0.345 + 0.622 

Ag + 0 .80 + 1.077 

F o r concen t ra t ion less t h a n 1/100 —-7— 
Li t 

t h e ac t iv i ty coefficient fa is 

fa = 1 — 1.15 ]/ ~c . [15] 

T h e following t ab le 1 con ta ins t h e nor-
ma l potent ia ls of diverse e lements as well 
as t h e absolu te po ten t ia l s (ions ac t iv i ty 
<XME = 1). 

T h e re la t ion b e t w e e n t h e e lec t rokinet ic 
par t i c le po t en t i a l a n d t h e above ga lvan ic 
po ten t i a l d i f ference will be discussed l a t e r . 

Compar ing ali t h e diverse t ypes of hypo-
thesis , t h e concept ions a re in genera l equi-
va l en t w i th l i t t le devia t ions , hence t h e 
resu l t is prac t ica l ly t h e sanie for ali t hese 
classic theories. Assuming l amina r flow, 
t h e s a m e e lec t rosmot ic speed u c in a capil-
l a ry resul ts f r o m these deduct ions . 

I I I . - R E L A T I O N B E T W E E N CLASSIC L A W S 
A N D ELECTROSMOTIC F I L T E R L A W F O R 
DIAPHRAGMS 

I n t h e au tho r s fo rmula [1] t h e electrosmo-
t ic Alter speed ve is g iven by 

ve = he • E . 

Compar ing t h e f o r m u l a [4] 

[16] 

^ . ^ c . - t L - . E 
4 nr) 4 Tcrj [4] 

w i th t h e above expression [16], a t r ans fo r -
m a t i o n is needed . Since t h e f o r m u l a [4] 
is only val id for t h e C .G.S . - sys tem a n d 
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express ion [1] respec t ive ly [1,6] fo r p r ac t i c a l 
s y s t e m , a t r a n s f o r m a t i o m f a c t o r X m u s t b e 
i n t r o d u c e d . T h e re la t ions b e t w e e n p rac t i ca l 
a n d C.G.S. u n i t s a r e g iven in t a b l e 2: 

Table 2. 
U N I T S 

Magni-
tudes Pract ical units C.G.S. uni ts 

? 1 Volt 300 

QL 1 Ohm cm = ! • ' » -

ÌC ] Amp/cm 2 = 3.10° 

V 1 g*cm~2 sec = 981 

uc = X • c 

where in 
4 nr ] 

X = 

1 
300 

• IO"11 • 3 • 10" 

981 

I n t r o d u c ì n g E = QL • jc t h e express ion 
o b t a i n e d is: 

-— TRANSFORMATION OF PHYSICAL 

X • C 
D 

• E 
4 n 

(e lec t rosmot ic capi l la ry speed) . 

[18] 

IdeaAzing a po rous m e d i u m as a capil-
l a ry b u n d l e w i t h t h e sect ion of cap i l la ry 
j = n • «2, t h e t o t a l sec t ion F (Alter sec-
t ion) a n d N t h e n u m b e r of capil lar ies 
w i t h i n t h e sect ion F , t h e e lec t rosmot ic 
Alter speed ve is o b t a i n e d : 

F INRJ 
[19] 

whe re in n des ignate» t h e poros i ty of t h e 
d i a p h r a g m . Compar ing express ion [19] w i t h 
express ion 

W i t h these re la t ions t h e e lec t rosmot ic 
cap i l la ry speed fol lows fo r t echn ica l uses : 

QL • E 

v. = h. • E 

we o b t a i n : 
jc cm/sec [17] 

he = X • n • C 
D 

4 nr] 

[16] 

[20] 

F r o m t h e fol lowing t a b l e 3 m a y b e seen 
t h a t t h e e lec t rosmot ic pa r t i c l e p o t e n t i a l £ 
n o r m a l l y var ies w i th in n a r r o w Amits of 
t h e o rder of m a g n i t u d e of IO - 2 Yol t s = 1,13 • IO"8 . 

Table 3 . — E L E C T R O K I N E T I C PARTICLE POTENTIALS OF DIVERSE SUBSTANCES (from ref. 1 3 ) 

Liquid Subst-ance Part ic le 
diameter Temps. 

Electrock. 
pa r t . po t . 

Volt 
Invest igators 

water quar tz M — 0.044 Whi tney a. Blake 1904 
• » glass — — 0.052-0.053 Dorn 1879-1880 

» Au < O.lyU — 0.058 Whi tney a. Blake 1904 
» » )) 18° 0.032 Bur ton 1906 
» » )) 18° 0.048 Bur ton 1906 
» H )) — 0.048 Cottoli a. Mouton 
» » )) 18° 0.034 Bur ton 1906 
» )) )) 18° 0.032 Bur ton 1906 
» P t )) — 0.044 Whi tney a. Blake 1904 
» )) )) 18° 0.030 Bur ton 1906 
» Fe(OH) 2 )) — -0 .044 Whi tney a. Blake 1904 
» CU(OH)2 )) 18° -0 .048 Bur ton 1909 
» Oils 2 n 25° 0.063 Ridsdale Ellis 1911 
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T h e dielectric Constant D of wa te r is 80, 
and t h e viseosity of wa te r : 

0,00001814 
rj -

1 +0 ,0337 • T +0 ,00022 • T-
g* c n r 2 sec 

[21] 

T — t e m p e r a t u r e in °Cels. 

P o r checking t h e order of fc„ t h e poros i ty 
n is in t roduced for the prac t ica l r ange of 
soils: 

n = 20 + 3 0 % and 

r)40 = 1,595 • IO"6 g* c n r 2 sec 

Taking for £ t h e va lue of qua r t z f r o m 
table 3: C = 0,044 Volt , t h e theoret ical 
value of qua r t z powder is obta ined: 

7^ = 1 , 1 3 - I O - 8 ( 0 , 2 + 0,3) 
4,4 . IO-2 • 80 

4 n • 1,595 • IO"5 

lie ~ (4,0 + 6,0) . I O - 5 cm/sec ^ 
v ' ' ' Yol t /cm 

This resul t agrees ve ry well wi th t h e 
values ke de te rmined for quar tz powders 
(table 4): 

Table 4. — C O E F F I C I E N T OF ELECTROSMOTIC 
P E R M E A B I L I T Y FOR QUARTZ POWDERS 

Investigator IO5 k in C m / 8 6 C 1U . Ke in V o l t / c m 

Leo Casagrande 4,3 

Bernatzik 6,8 

Schaad-Haefeli 4,5 

Sehaad 2,5 + 5,2 

(range of numerous 
test series) 

I n no rma! cases of pract ica l appl icat ion 
t h e expression [19] is sufficient, i.e. for t h e 
de te rmina t ion of t h e flow velocity of 
liquid, where t h e d iamete r of t h e Capillaries 
does not influence t h e resul ts and t h e elec-
t rosmot ic discharge of solution is indepen-
den t f r o m this magn i tude . 

I n t h e cases of theore t ic developments 
based on t h e classic theory , e.g. for t h e 
electrosmotic rise in func t ion of t h e capil-
la ry d iameter , contradict ions of theore t ic 
resul ts appear showing, t h a t t h e classic 
theory is no more sufficient for these deduc-
t ions concerned. On the opposite, t h e filter 
laws lead to sa t is factory results. 

The au tho r briefly ment ioned these con-
tradict ions in 1948 (12), b u t no clear solu-
t ion was available in t h a t t ime. I n t h e 
meanwhi le these problems have been clear-
ed u p more and will be outl ined in t h e 
following cliapters. 

I V . - C O N T R A D I C T I O N S O F CLASSIC L A W S 

Observance of the boundary conditions. 

Eegard ing expression [4] 

UC = C • —R—— • E ( C . G . S . ) [ 4 ] 4 n r j 

t h e electrosmotic discharge of a capillary Q 
is expressed b y : 

4 nr] 4 r] 

This resul t would mean , t h a t t h e o ther 
magn i tudes being Constant t h e discharge Q 
would increase in a quadra t i c func t ion of 
he capil lary d iamete r d = 2a. • 

P o r an infinite d iamete r Q would be 
infinite and for a d iamete r of d — zero t h e 
discharge would be zero. On t h e o ther 

h a n d t h e poten t ia l is obta ined £ if 

W i t h these deduct ion, t h e relat ion be-
tween t h e theory of Helmhol tz -Lamb-Per r in 
of electrosmotic capil lary flow and the 
electrosmotic Alter speed according to ex-
pressions [1] and [16] is given. 

t h e o ther magni tudes are k e p t Constant. 
The experience shows in cont ras t to these 

theore t ic deduct ion, t h a t t h e discharge 
reaches an upper l imit of d iamete r d, 
where a measurab le discharge can no more 
be observed. 

On t h e opposite Ane-grained mater ia l s 
Hke ben ton i t e and even gelat ine gels m a y 
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show t h e s a m e or even higher discharges 
t h a n coarser ma te r i a l s like qua r t z powders 
a n d silts e.g.: 

Table 5 . — ELECTROSMOTIC PERMEABILITY 
COEFFICIENTS OF B E N T O N I T E AND G E L A T I N E 

Material io»k c m / s e c 
I U K < : Volt/cm 

Na-Bentonite 

Gelatine gel 

2-12 (Leo Casagrande) 

5 ( » » ) 

F = 2na- l 

we ob ta in : 

4 n e 
Acp = 

2 e ò 
D 2 na - l D a-l 

[24] 

[25] 

due to i ts defini t ion A<p is ident ical w i th 
t h e e lectrokinet ic par t i c le po t en t i a l hence 

E = D 
Ó 

a 
[26] 

T h e charge pe r un i t l e n g t h of t h e capil-
la ry being given b y 

D a 
Y ' ~d 

[27] 

t h e u n i t force I I exer ted b y t h e electric 
field s t r eng th E resul ts : 

E = E . — = C 

Refe r ing to expression [20] t h e exper ience 
shows t h a t lce general ly var ies wi th in n a r r o w 
limits . I t s order of m a g n i t u d e is m o r e or 
less i ndependen t of t h e soil type . Addi t -
ionally r egarded t h e defini t ion of f - po t en t i a l 
of a doublé layer , i t is n o t visible, w h y tliis-
one should d e p e n d on o the r geomet r ie 
m a g n i t u d e s of t h e capil lary d i a p h r a g m , 
l ike a or n, t h a n on t h e th ickness ó of 
doublé layer . T h e cha rac te r of C-potential 
be ing decisive for diverse problems this 
quest ion will be o u t b n e d in a m o r e deta i led 
f o r m . 

Y . - N A T U R E O F T H E E L E C T R O K I N E T I C P A R -
T I C L E P O T E N T I A L ( P i g . 2 ) . 

Using Pe r r in s conception, regard ing t h e 
electric doublé layer as an electric condenser 
(Pig. 2) t h e field s t r eng th of t b e layer Ed is: 

B = nr\ìri> ( a G - s - ) [ 2 3 ] 

w h e n Acp is t h e po ten t i a l difference 
(cpi — cpa), F t h e layer sur face a n d e t h e 
charge of doublé layer . 

T h e sur face being: 

E = £ 
D •a 
26 

D . a 
2 Ò 

QL • jc 

• E 

[28] 

On t h e o the r h a n d t h e f r ic t ion force K ' 
of l amina r flow is expressed b y : 

K' = t] 
du 

HF 
• 2 nr [29] 

if r is a n y rad ius be tween zero a n d a. 
F o r t h e doublé layer 

r = a a n d 
du 
dr 

u-c 

T ' 
t h e f r ic t ion force becomes: 

K' = r) • ~ • 2:za. [30] 

I n t h e case of s t a t i ona ry flow we ob ta in 
K = E': 

[28, 30] C 
D •a 

• 2na 

. i n rj 

t h e He lmhol t z fo rmula . 
I n t r o d u c i n g now t h e ^-potent ia l f r o m 

expression [26] info [4], t h e r e resul ts : 

u, == 
2e ò QL-D 

D a • l 4:W] 

e 6 QL 
= ~T a 2nr) 

h = 
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since 

U 
J de 

~ F ' J = T t ' 

le = F 
de 
di 

F = n . a2 

(t = t ime) 

[31] 

we obta in: 

e 
uc = T 

ò 
a 

ó 
2 a3 l 7i2-rj 

QL 1 

2 NR] TI A2 

QL 

de 
~dt 

de 
Ili 

uc = 
dx 
~dt 

in t roduced in [32] 

dx QL 
2 • a3 -l ti* -r] 

• e • de. [31] 

dx = 
2 a3l 71 • 7] 

c 

Ql 
2 a3l 7i3-rj 

4a37t 

e • de 

e4 

Ò-QL 
l2 • 7] 

e — L A TI 
a • 7] 

TTQl 
l 

— = 2an 
i 

a • rj 
ò-Ql 

In t roduc ing this va lue in expression [26] 
t h e ^ -po ten t i a l is obta ined: 

£ = 
4 A • TI 

I ) a 
•V 

Ò-QL 

4 TI i / a • <5 -RJ 

1d~\ ' Ql 
[38] 

Faffitier combining expression [37] wi th 
[31] t h e electrosmotic capil lary speed uc 

is obta ined: 

Uc — 2 an 
[32] 

a • rj 
!Te~L 

ò 
a 

QL 

2 711] 

= / 
/ S-a-Q L 

If x designates t h e w a y of a par t ic le 
s i tuated in t h e b o u n d a r y layer and t t h e 
t ime, t h e speed uc is found : 

V 
- - le 

•io [39] 

[40] 

modifìed Helmhol tz fo rmula respectively 
F 

with jc = 

[33] 
QL 

1 / ^ • a TI 
Uc = / - E. 

QL • Ì] 
[W] 

F r o m combinat ion of t h e expressions [41] 
and [4] results: 

By integrat ion wi th in t h e l imits x = o 
accordine t o e = o -» e we find: 

C 
D 

4?C Tj = / 
' ò • a 
Ql-11 

[42] 

Ali these fo rmulas are only valid for 
C.G.S.-system. F o r obta ining t h e va lue of 
eq. [42] in pract ica l uni ts , we have to t rans-
forni wi th t h e fo rmer f ac to r n.X a n d obta in : 

ke = n . /. • C 
D 

[35] 

4 711] 

valid in pract ical system. 

= nX 
Ò.a 

QL • 1] 
[43] 

and t h e electric charge of doublé layer 
becomes: 

[36] 

respectively t h e charge per uni t length : 

[37] 

Ali t h e resul ts given b y expression [38-43] 
a re based on t h e classic assumptions, 
especially on t h e assumpt ion, t h a t the 
electric cur ren t is uni formly dist r ibuted 
over t h e section of capillary. W i t h regard 
to t h e t r anspor t of ions th is hypothesis 
m u s t be called in question. 

F u r t h e r t h e classic theory neglects com-
pletely an i m p o r t a n t fac tor , t h e galvanic 
t r anspor t of ions wi th in t h e interior of the 
capillary i.e. electrolysis. This phenomenon 
takes place parallely to electrosmosis and 
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t r a n s p o r t of electr ic charges is caused b y 
b o t h p a r t s . T h e galvanic cu r ren t causes 
electrolysis of t h e bqu id , a pl ienoinenon, 
t h a t is well known , a n d t h e transport , 
wi th in t h e doublé layer creates anotber-
type , a superfìcial electric cur ren t , we will 
cali i t e lectrosmotic cur ren t . 

Fig. 2. - Electrosmotic action of capillary, 
according to Perrin 

Rega rd ing t h e f -po t en t i a l in t h e f o r m of 
equa t ion [38] th is-one would depend on a 
geometr ie m a g n i t u d e outs ide t h e doublé 
layer , t h e capi l lary rad ius a. Since this-one 
is normal ly m u c h grea te r t h a n t h e th ick-
ness ò of doublé layer , t he re is no reason 
for t h e f ac t , t h a t t h e in te r face po ten t i a l 
should depend on t h e rad ius of t h e capil-
la ry . F u r t h e r m o r e t h e C-potent ia ls deter-
mined on t h e basis of t h e classic t heo ry 
show an order of m a g n i t u d e of IO -2 vol ts 
( table 3) in con t ra s t t o t h e con tac t poten-
tial» of ga lvan ic chains, t h a t normal ly 
show orders of vol ts . T h e cha rac te r of 
t hese po ten t ia l s is t h e s ame one. Therefore 
t h e ques t ion of t h e cause of th is difference 
of m a g n i t u d e of po ten t ia l differences 

A <p = £ arises. 

P u r t h e r m o r e th is t y p e of fo rmulas dedu-
ced, if real ly val id , would give t h e relat ions 
b e t w e e n phys ica l cons tan ts a n d t h e £-po-
t en t i a l a n d allow to de te rmine t h e thickness 
ó of t h e doublé layer , f u r t h e r p rocure a 
m o r e de ta i led knowledge of t h e e lectrosmotic 
pe rmeab i l i ty coefficient 1;e. P o r diverse 
prac t ica l p rob lems th is re la t ion is ve ry 
i m p o r t a n t . 

T h e a u t h o r seeked to solve th is p rob lem 
since his beginning of t h e research in t h e 
dominion of e lectrosmotic p h e n o m e n a . Since 
these quest ions a re re la ted to capi l lary 
phys ics a n d physical chemis t ry , t h e y a re 

s t range for a civil engineer a n d would b e t t e r 
be t r e a t e d b y colleagues of physical disci-
plines more sui ted for t h e p resen t t y p e of 
quest ions. 

N o t hav ing f o u n d a physie is t or chemis t 
o r ien ta ted 011 t h e t h e o r y of electrosmosis as 
well as in t h e field of i t s p rac t ica l appli-
cat ions in civil engineering t h e a u t h o r 
decided to t r e a t t h e quest ions himself a n d 
t h e necessary s tudies in electro-physics 
were unde r t aken . 

T h e s t u d y has lead to a hypothes is , 
t h a t accords b e t t e r to t h e b o u n d a r y con-
dit ions a n d removes t h e s t a t ed contradic-
t ions. A scientifìc proof of t h e following 
t l ieory was only possible b y physical re-
flexions. P o r a n exper imenta l j u d g e m e n t 
t h e direct m e a s u r e m e n t of t h e £-potent ia l 
would be necessary, a ve ry difflcult pro-
blem. F o r th is purpose t h e po ten t i a l dif-
ferences be tween nonconductors and aque-
ous solutions would h a v e to be de te rmined . 

V I . - MECHANICS OF ELECTRIC CHARGES 
TRANSPORT IN CAPILLARIES UNDER T H E 
ACTION OF AN ELECTRIC FIELD. 

F o r t h e following deduct ion we will 
ideabse as usua i a porous d i aph ragm as a 
bund le of capillaries. The solid par t ic les 
shall consist of non-conduct ive mate r ia l . 
T h e t h e o r y can easily be enlarged 011 con-
duc t ive mater ia l , b u t t h e m a t h e m a t i c a ! 
t r e a t m e n t is bu rdened w i t h more com-
pl icated ternis , w h a t is no t necessary for 
t h e pr incipal general quest ions a n d t h e 
appl icat ion to soil mechanics . 

I n t h e capil lary l amina r flow is a ssumed . 
Besides, t h e s ame assumpt ions a re m a d e as 
in t h e classic theory , excep t t h e d is t r ibu t ion 
of flow veloci ty. T h e electrokinet ic par -
ticle po ten t ia l is defined in t h e sanie m a n n e r 
as t h e po ten t i a l d i f ference A <p = <p, — cpa, 
b u t i t will be des ignated wi th since i t 
sliows an o the r order of m a g n i t u d e t h a n 
t h e e lect rosmotic par t ic le po ten t i a l £ ac-
cording to Helmhol tz . 

Considering a capil lary (Fig. 3) filled 
wi th a n aqueous solution a n d u n d e r t h e 
ac t ion of a n electric po ten t i a l difference U 

with t h e electric field s t r eng th E = — , on 
i 

t h e one h a n d t h e dissociated ions of t h e 
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solution move in bo th directions under t h e 
act ion of field s t rength E. T h e posit ive 
part icles wander f r o m t h e anode to t h e 
ca thode and inversely t h e negat ive ones 
f r o m t h e ca thode to t h e anode. This phe-
nomenon is called electrolysis and follows 
t h e law of F a r a d a y . The t r anspor t of t h e 
ions causes t h e electrolytic cur ren t Jq in 
t h e interior of the capillary. 

contact 
chargn 
(rlectrotmotii) 

p o r j 

d'ilocic'ed I ioni 1 
(ttectroly-

capillary wall 

-é-O-t ì -S-e-a-ó-o-o-e 
—© 0 - - © 

\ doublé layer \ 
1 anode 

! 
— l 

Fig. 3. - Distribution and direction of electric 
charges flow of aqueous solution under the 
action of an electric field. 

On the o ther h a n d in the contac t surface 
between t h e wall and t h e solution a doublé 
layer is fo rmed according to t h e classic 
theory. 

F o r t h e following considerations t h e 
thickness ò of t h e doublé layer is ve ry 
small in propor t ion to t h e radius a of t h e 
capillary. 

Under t h e act ion of t h e electric field t h e 
charged particles of t h e doublé layer nor-
m a l l y m o v e f r o m t h e anode to t h e ca thode 
causing too a cont inuous t r anspor t of elec-
tr ic charges i.e. an electric surface cur-
ren t Jco. 

Both currents are preseDt at the same 
time and both phenomena appear in com-
bination. 

According to Per r in ' s conception t h e 
"boundary layer shall now be regarded as 
an electric condenser. I n equat ion [25] 
t h e potent ia l difference of t h e doublé layer 
has a l ready been de termined: 

Acp — 
D a • l = £ [25] 

and the charge of uni t length of t h e capil lary 
results: 

e D . a 
T = S ' 23 

[44] 

Unde r t h e act ion of field s t reng th E = 

~ ~ where 0E designates t h e act ive, 
a x 

electric po ten t ia l in direction of flow, t h e 
act ive force K per uni t length of t h e posi-
t ive layer is represented b y : 

r i - - dx 

T h e m u t u a i influence of t h e speed of 
b o u n d a r y layer and t h e electrolytic t rans-
por t velocity m a y be fo rmula ted assuming 
laminar flow. If r designates a n y radius 
within t h e capillary f r o m t h e law of New-
ton-Maxwell t h e shearing resistance r along 
t h e cylindric face of radius moving wi th 
t h e speed u within t h e liquid phase is found 

r — rj • 
du 

[46] 

and t h e passive force JL' per uni t length 
ac t ing on this cylinder is obta ined 

K' = 2 TI r • r = 2 nr] • r 
du 
dr 

[47] 

F o r t h e radius a of capil lary t h e velocity 
of doublé layer is u w and its gradient wi th in 
t h e doublé layer of thickness ò 

du 
~dr 

UOJ 
ò 

Hence t h e passive force is obta ined 

II' = 2na • rj • . 

[48] 

[49] 

T h e condition of s t a t ionary p e r m a n e n t 
flow furnishes : 

K = i r [50] 

and by int roducing this condition in eq. [45] 
and [49] 

K D-a / d0s 

2 0 dx 

O U C 0 TT) = 2nar] . -r— = i t ' 

UCO = £ • 
I ) 

VTirj 

ò 

d0 
dx = £ 

D 
4 71 -7] 

•E. 

[51] 
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This equa t ion is similar to t h e classic 
equa t ion [4], b u t f does no m o r e represent 
He lmho l t z ' s e lectrokinet ic par t ic le poten-
t ia l b u t a modif led electrokinet ic po ten t ia l . 

T h e t r a n s p o r t of electric charges in t h e 
doublé layer causes t h e electrosmotic cur-
r e n t ( f rom [44] a n d [51]) 

JCO — «CO = £ 

J C O — 

£2 •D2 

8 71 ò~ 

D • a 

a 

V 

^ ±717] ( 
d0 1 

dx 

J q =• 71 • «2 • jg TI • A" 
QL 

d0 

d x 

Ja 
Jc 

2 -QL 

rj • ò 

<,710 

d0 

dx 

7ia-
1 

4 71 

d0 

dx 

1 
a 

G_ 
a 

mosis t o t h e electrolyt ic cur ren t , t h e r a t e 
of e lect rosmotic flow .7ai is: 

Jm — ae • J „ 
G_ 
a 

• J q . [55] 

d0_\ 

dx ) 

[52] 

On t h e o the r b a n d t h e e lectrolyt ic cu r ren t 
Jq w i th in t h e capi l lary is 

[53] 

Rega rded t h e l imits of e lect rosmotic flow 
this means t h a t in con t ras t t o t h e resul ts 
of t h e classic t heo ry for an infinite d i a m e t e r 
of capil lary t h e e lec t rosmot ic cu r r en t as 
well as t h e d ischarge now become zero 
a n d supposed an e x t r e m e capil lary d i a m e t e r 
of zero, t h e p ropor t ion of e lec t rosmot ic 
cu r ren t s t r eng th to t h e e lectrolyt ic one 
would be infinite, of course in rea l i ty no 
more realizable. I n a def ini te range of 
capi l lary d i ame te r t h e p ropor t ion of elec-
t rosmot ic t o electrolytic discharge of elec-
t r ic i ty resul ts inversely p ropor t iona l lo 
t h e capil lary d iamete r . 

T h e to ta l electric cu r ren t is ob ta ined : 

T h e ra t io ae be tween t h e e lectrosmotic and 
t h e electrolyt ic cu r ren t is ob ta ined : 

J + J q = J CO H — = J CO ( 
a. \ a, , 

O-e 
Jco — . i a e + l 

J -J [56] 

The coefficient fìe denotes t h e re la t ion of 
t h e electrosmotic cu r ren t t o t h e to ta l cur-
r e n t a n d therefore will f u r t h e r m o r e be called 
coefficient of e lectrosmotic act ion. Expres -
sing it b y G and a, f}e resul ts : 

[54] 

where C des ignates t h e coefficient of doublé 
l ayer effect . 

T h e coefficient ae indicates t h e r a t e of 
electric cu r ren t t r anspo r t ed b y t h e doublé 
kiy er in p ropor t ion to t h e c u r r e n t t rans-
po r t ed b y electrolysis. 

This resu l t of equat ion [54] has in general 
a l r eady been developed in a n o t h e r w a y b y 
Smoluchowski a n d t h e a t t e m p t was m a d e 
to de t e rmine t h e thickness of doublé layer 
f r o m exper iments , bas ing on t h e He lm-
hol tz t h e o r y a n d this equa t ion (13). B u t 
t h e f u r t h e r consequences on t h e electrosmo-
tic p l ienomenon were not observed. 

Considering equat ion [54] wi th respect 
to t h e e lect rosmotic flow t h e following 
considerat ion is now possible: 

Since t h e coefficient ae character izes t h e 
p ropor t ion of cu r r en t t h a t causes electros-

_G_ 

o « 1 

= a " 
h i 1 + 7T a C 

[57] 

coefficient of e lectrosmotic ac t ion 
wherein 

2 Q l G = 
rj ó 4 JC 

P o r an infini te rad ius of t h e capi l lary 
= zero results , t h a t will say, no elec-

t rosmot ic ac t ion would occur. A n d sup-
posed a = zero t h e coefficient /3e = 1 
w h a t m e a n s t h a t t h e whole ac t ion of electr ic 
cu r r en t would be t r ans fo rmed in to elec-
t rosmot ic cu r ren t . 

W i t h th is resul t one of t h e fo remen t ioned 
contradic t ions is p u t away . 

T h e f u r t h e r quest ion of t h e re la t ion be-
tween t h e electrokinet ic par t ic le potent ia l 
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f respec t ive ly 'Q a n d t h e capi l lary rad ius a 
m a y now be solved too. F o r th is t h e coeffi-
cient ae respect ive ly t h e coefficient of t h e 
l ayer effect G is regarded (eq. [54]): 

C = QL ( £ - D 

C = 2 R- • 

7] Ò \ 4 71 

QL ( D 

7j • Ò \ 4 71 

D 

4 71 

C_ 
2 a 4 TI I a .RJ . O 

Considering eq. [38] i t is seen t h a t 

D QL 1 

T 

; - : l 

E = £ | 
c 

£ = 
c 4 TI . / a • Ò • rj 

D~ ] / Ql 

Since J ( 0 

4 71 . 

» I 
G 

G-ò-rj 
" 2 QL 

JQ a 

sis tance B0}, respect ively Ol im's res is tance 
BQ of t h e in ter ior of capi l lary m e a n : 

BEO = 

B„ = 

g c -1 
2na •ò 

QL • L 

71 • «2 

[03] 

[64] 

a n d t h e respec t ive intensi t ies of electr ic 
cu r ren t s : 

= - k ^ H T [65] 

[58] 

2 na .0 

H TI • A2 
[66] 

W e ob ta in f r o m these expressions, U 
represen t ing t h e ac t ive po ten t i a l difference: 

J m — 

u 
a • ò • t] 

a n d , if i n t roduced in eq. [58], t h e r e resul t s : 

B„ 

U 

IT 
2 7ia • ò 

E 
• 2 7ta • ò 

[59] 
J (O 

2 n a - ó 
E 

QZ 

[67] 

[68] 

t h e ra t io of t h e two e lect rokinet ic par t i c le 
po ten t ia l s 

J« = 
U 

BN 

TJ_ 
l QL QL 

h 
JO 

TI a" 
E 

[70] 

[60] 

[61] 

E 
n 

E 
2 na • ò 

TI «R 

QL 

QCO 

20 
a 

[71] 

a n d t h e e lect rokinet ic par t i c le po t en t i a l £ 
resul ts f r o m eq. [38] and [60]: 

Compar ing th is resu l t w i th eq. [54], we 
ob ta in 

_G _ _Ql_ 2Ò 

a Qu, a 

QI G = 2 • — .<5 . [72] 

[62] I n t r o d u c i n g th i s resul t in t h e ^-potent ia l 
of eq. [62], t h e r e resul ts 

(eq. [54]), we m a y 
£ = -

find t h e re la t ion be tween £ a n d ò, in t ro-
ducing now t h e specifìc resis tances QU of 
t h e conduc t ing sur face a n d QL of t h e capil-
l a ry section, w rhere t h e layers electric re-

4 71 r QL <52 • 7] 

2 QL 

D | 
•[73] 
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Comparine; now t h e ^-potentini of eq. [73] 
w i th He lmho l t z ' s ^-potent ia l of eq. [38] we 
s t a t e on t h e one hand , t h a t t ak ing in 
eonsidera t ion t h e electrolyt ic process, t he 
e lectrokinet ic par t ic le po ten t ia l f becomes 
i iu lependent of t h e capi l lary size a n d is 
only a f u n c t i o n of physical coefficients. On 
t h e opposi te t h e He lmhol t z b o u n d a r y layer 
po ten t i a l £ varies in func t ion of t h e dia-
m e t e r of capillary. 

W i t h this , a f u r t h e r question of s t a t ed 
cont rad ic t ions is cleared u p a n d we see, 
t h a t t h e electrokinet ic par t i c le po ten t i a l f 
represents a physical Constant . 

F r o m eq. [73] we ob ta in t h e th ickness ò 
of t h e doublé layer : 

D 
TOT" 

Qco_ 
V 

ò = F 
D 

Tn 
UL 

V 

j co _ 2 QL 1 V p.B* 1 

J<, V D }/ QL ' 16 ji2 ' a 

J a> _ J 1 a-D 1 
= ae = 

C 
Jq " 2 J / V JZ a 

= ae = a 

Of, 

V 
U L 

71 

(coefficient of doublé layer effect) 

Jq — JU) 
V 71 

T B 
1 

QL 
- • a. 

T h e to t a l cu r r en t flowing t h r o u g h the capil-
l a ry resul ts : 

Jh-Jn J a — J a 

J = J,n 1 : 
•A 71 . 
Ì-D 

271 . 
M > | 

/ V 
/
 QL 

'L 
QL 

a n d t h e doublé layer cu r r en t becomes: 

J 
j CO — 

2 n t / t} 
1 + T J > V H - a 

Pe = 

= P. • J 

[79] 

1 + 
•l 71 . / il 

S-BV Ql 

[74] 

If t h e speciflc electric res is tance of doublé 
layer is t h e s a m e as t h e speciflc res is tance 
of t h e l iquid phase itself we ob ta in : 

[75] 

B y in t roduc ing th is result in eq. [54] we 
ob ta in t h e electr ic cur ren t Jq of t h e capil-
l a ry sect ion: 

{je be ing t h e coefficient of e lectrosmotic 
act ion. 

Un t i l now no hypothes is on t h e composi-
t ion of t h e flow of l iquid has been m a d e . 
Bas ing on t h e preceeding considerat ions, 
w i t h r ega rd to t h e electric p h e n o m e n o n 
we h a v e to do wi th two electric cu r ren t s of 
d i f ferent act ion, on t h e one h a n d t h e elec-
t ro ly t ic cu r r en t Jq t r anspor t ing t h e ions 
in b o t h directions, on t h e o the r h a n d an 
electrosmotic cu r ren t J 0 J wi th in t h e doublé 
layer t r anspor t ing t h e electric charges of 
t h e b o u n d a r y layer . Both. cur ren ts inf luence 
t h e flow of electric charges a n d wi th th i s 
t h e flow of t h e liquid conta ined in t h e 
capil lary. 

W i t h respect to t h e flow of l iquid t h e 
classic t heo ry supposes, t h a t t h e in ter ior 
p a r t of l iquid moves wi th t h e b o u n d a r y 
layers speed u0l (Fig. 4) respect ively uc, an 

b) general velocity 

[76] 

cJ velocity di-
stri but ion for 
modification 

[78] 

Pig. 4. - Electro-osmotio-electrolytic flow and 
velocities. 

a s sumpt ion t h a t leads to t h e fo rement ioned 
contradic t ions incompat ib le t o experience. 
Since t h e layers speed Uco (eq. [51]) is 
i ndependen t f r o m t h e capi l lary size t h e 
e lectrosmotic d ischarge would increase in 
p ropor t ion to a2, if t h e classic a s sumpt ion 
r e a d y would be v a b d . 

B u t o the r d is t r ibut ions of capi l lary speeds 
a re conceivable. B y t h e f o r m e r develop-
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m e n t s only t h e layers speed um respectively 
uc has been de termined. Considering t h e 
mot ion of ions a t t h e interior, these ones 
are moving in bo th directions and t h e gene-
ral velocities d iagram represent ing t h e 
resu l tan t of differential mot ions will h a v e 
a certain form, t h a t in real i ty is not y e t 
known (Fig. 4b). 

L e t us consider ano ther assumpt ion and 
i ts consequences. T h e opposite ex t r eme 
with regard to classic assumpt ion would be, 
t h a t t h e b o u n d a r y layer fiows independen t ly 
f rom t h e interior wi th a speed u0J, t h e 
resu l tan t of velocity of ions wi thin t h e 
capillary section being zero, t h e velocities 
of posit ive and negat ive ions compensa t ing 
mutua l ly . The flow would represent some 
sort of film mot ion of t h e b o u n d a r y layer . 
W i t h these assumpt ions we ob ta in f r o m 
eq. [51]. 

e D 
«CO = £ • - 7 - — • E • [51] 4:71 rj L J 

Assuming, t h a t wi th in the b o u n d a r y 
layer of thickness ò u increases l inearly 
f r o m zero to u0J (Fig. 4c) t h e discharge Q 
of liquid phase becomes: 

It 
Q — • 2 na • ò — Uco • ti • a • ò 

A 

Q = - 2 7 t a - ò - E = G.~ -a-d-E 
2 4 nr] 4 r) 

[80] 

F r o m eq. [68] we obta in E = 9m .jw, in-
t roduced in [80]: 

Q = ~ - • 2 Tia • d • Qco . j a . [81] 2 4 nr] 

Since 27ia.ò.jco = Jw (eq. [68]) t h e result is: 

[82] i nr] 

In t roduc ing f r o m eq. [56] J0J = fìe.J 
t he re resul ts : 

Q = £ • 
QL • E 

8 Tirj Pe-J. [83] 

E q . [79] in t roduced in eq. [82] furnishes : 

QL • D J 
Q = £ • 

Q = £* 

Tir] 2 n 
T e 

JL. 
QL 

D J 
717] 

QL • E = 2N_ 

8nr] ' D 
breviat ions) 

a 71 1 / V 
j t ] / j L - • a 

- . a = B (ab-
QL 

Q = £*• A • 

J - 1 £ 

£ + B 

1 

Q 
J 

£2 - A - £ 

P - ' - A -

(£ + B) = £2 • A 

b « = 0 
j j 

_Q 
J 

B Q_ 
J 

= o 

£ = 
Q 
J 2 A 

Q 1 

Q 
' ± \ \ J 2 A 

1 V Q B 
+ J ' À 

J 2 A 

Q 1 

± Q 1 \2 AB J 
J ' 2AJ + 4J2 A" ' ~Q 

Q 
Q, 

T h e deduct ions h i t he r to made , supposed 
a difference be tween t h e specific electric 
resistance Qw and QL, since i t is not sure 
t h a t t h e electric propert ies of l iquid wi th in 
t h e interior of t h e capil lary and t h e boun-
da ry layer a re identical . F o r t h e following 
consideration we p u t Qo) = QL and s t a r t 
f rom eq. [82]: 

Qm_1 
J 2 A ^ J 2 A X 

r 
4AB 

Q 

f - i ' f à ) ^ 
j \ 1 + 4 A B . — j [84] 

2 A 
4 Tir] 

QL D 
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4 AB = 4 • QL -D 

8717] 

-v 
2 71 . 

b \ 
V 

QL 

Ql 
7] 

a 

d 

A . 
7] 

a = —— (d = d i a m e t e r of capil lary) 

9 Ql • d 

na' 

Q 

jc = J 

Xm 4 717] 

T h e electrokinet ic par t ic le po ten t ia l f (Helm-
holtz) is ob ta ined : 

e = Q 4 71Q 
QL • D 

[88] 

T h e ra t io k (eq. [59]) of t h e two electro-
k ine t ic pa r t i c l e po ten t ia l s m a y now be 
de te rmined (eq. [85] a n d [88]): 

[85] 

This expression allows to check t h e elec-
t rok ine t ic pa r t i c l e po t en t i a l f f r o m experi-
men t s . Toge the r w i t h eq. [75] t h e th ickness 
of doublé l ayer m a y b e de te rmined . 

T h e f o r m e r inves t iga tors hav ing eva lua ted 
n u m e r o u s expe r imen t s bas ing on t h e He lm-
holtz fo rmula , t h e re la t ion be tween t h e 
f - and | - p o t e n t i a l s is v e r y use fu l for com-
parison of resul ts . 

Bas ing on eq. [4] t h e discharge in He lm-
hol t ' z expression is deduced: 

Ql • D 
Q = TI a2 • uc = f . —- —- na2 • jc [86] 

4 717] 

1 
J 

4:717] 
qT-d 1 + 1 1 + w l 

Q_ 

J Ql-D 
Ì717] 

K = 1 + 
J 

2 Q 

[87] 

[89] 

P o r ob ta in ing now a n idea of t h e order 
of m a g n i t u d e of t h e electrokinet ic par t ic le 
po ten t i a l £ as defìned a fo rmer ly execu ted 
expe r imen t of K . Illig a n d N. Schònfe ld t 
wi th a glass-Pi l ter (Scliott & Gen. , J e n a ) 
a n d CuS0 4 - so lu t ion , conta in ing comple te 
indicat ions for de te rmin ing x, is used (14>15). 
T h e magn i tudes of this expe r imen t were: 

Magnitudes Indications In C. G. S.-Units 

Diameter of pores d (5 -H 10)-IO-1 cm (5 -f- 10). IO-4 

Solution CuS04 

Coneentration . . . c 0,05693 % 0,05693% 

Conductibility . . . l 3,32- IO-4 D - 1 cin-1 
— 

Speciflc electric 
resistance . . . 3,01 • 103i3 cm 3,35 • 10-° 

Dielectric Constant . D 78 78 

Viscosity V 0,0123 Poises 0,0123 

Discharge Q 9,26 • IO-1 cm3/sec 9,26.IO-4 

Current strength . . j 5.10-3 Amp 15.IO6 

Electrokinetic parti-
cle potential (Helm-
holtz) C — 0.01153 Volt — 
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T h e t rans forming coefficient x according 
to eq. [89] resul ts : 

« = 1 + 

15 • IO6 | '3,35-10 
1+ 2 -9,26 - IO"4 \ 1,23-10 

a: = 46,8 + 65,8 

~2(5-M0)-10"4 

and t h e electrokinetic part icle potent ia l as 
defined is: 

| = x . f = — 0,01153 (46,8 + 65,8) = 

= — (0,54 -f- 0,76) Volt , 

F r o m this calculat ion follows, t l ia t t h e 
f -po ten t ia l shows an order of m a g n i t u d e 
of IO'1 - 10° Volts. 

Comparing this result wi th t h e galvanic 
potent ia ls we see on t h e one h a n d f r o m 
table 3 t h a t t h e electrokinetic par t ic le 
potent ia ls according to Helmliol tz exhibi t 
t h e order of magn i tude of about IO"2 Volts. 
On t h e o ther h a n d the absolute normal 
potent ials own t h e order of magn i tude of 
IO"1 — 10° Volts (table 1). 

Basing on t h e assumpt ions m a d e in t h e 
preceeding considerations t h e modified f -po-
tent ia l shows too t h e order of Volts. Hence 
the outlined hypothesis as well as t h e o ther 
refìexions combined lead to t h e conclusion, 
t h a t t h e electrokinetic par t ic le po ten t ia l 
p robably is a simple contac t po ten t ia l ap-
p a r e n t to t h e po ten t ia l of galvanic chains 
and of t h e sanie order of magni tude . 

ABSTRACT 

Summarizing, the cletailecl study of the 
electrosmotic phenomenon leads to the 
following results: 

From the consìderation of the electrosmotic 
flow as a partial electric surface current al-
ways combined with electric current caused 
by the interferir!g electrolytic processus follows 
that the contradictions resulting from applica-
tion of the classic theory, ivhen applied to 
special problema, e.g. the electrosmotic rise 
in function of capillary diameter, disappear. 
With the increase of capillary diameter, the 
electrosìnotic effect decreases in accordance to 
experience, while from the classic theory 
the opposite effect results. 

Talcing in consideration the electrolytic 
part of current the modified electrokinetic 
particle potential results Constant, a real phy-
sical magnitude and independent from the 
capillary diameter as must be expected basing 
on the originai definition of the particle 
potential. 

Supposing the electrosmotic part of floiv 
to be some sort of film motion the modified 
electrokinetic potentials slioiv an order of 
magnitude of Volts and seem to represent 
simple contact potentials similar to galvanic 
potential differences and with these results 
the precariousnssses of the classic theory 
seem to vanish. 

The theoretic deductions of the present 
paper treating the nature of electrosmotic 
plienomenon represent a hypothesis, that 
aims at avoiding the contradictions arising 
from application of the known theory, ivhen 
applied beyond itfs limits. The theory out-
lined cannot solve definitively the question of 
the nature of the electrokinetic particle poten-
tial, since it bases only on physical refìexions. 
For a complete knowledge of this magnitude 
direct measurements of electrosmotic particle 
potentials not yet available would have to 
be esecuted i. e. the determination of poten-
tial differences between non-conductors and 
aqueous solutions. But the theoretic consi-
derations made give the allusion, that the 
electrokinetic particle potentials seem to be 
apparented to the contact potentials known 
of the galvanic chains. This indication is 
supported by the fact that the definitions of 
contact potentials and electrokinetic particle 
potentials in fond are identical. But the 
experiments shoiv, that on the one hand the 
absolute potential of Silver e.g. is 1.077 Volt 
(table 1). On the opposite it's electrokinetic 
particle potential deduced from the Helmlioltz 
formula varies from 0.032-0.048 Volts (table 3) 
Since from the two potentials a difference of 
order of magnitude results, there arises the 
question of the causes of this considerable 
difference and the real nature of the electro-
kinetic particle potential. 

BI ASSUNTO 

La Memoria inizia con una breve esposi-
zione delle ipotesi e dei risultati delle teorie 
classiche sull'effetto elettrosmotico nei tubi 
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capillari, sviluppate da Helmholtz, Lamb e 
Perrin. 

La teorìa di Helmholtz assume che in uno 
strato liquido di spessore piccolissimo ò adia-
cente alla parte del capillare (strato limite), 
si stabilisca una (d.d.p.) differenza di poten-
ziale (potenziale elettrocinetico, e.c.) fra il 
liquido e la parete: inoltre, tale teorìa sup-
pone che il moto del liquido sia laminare, 
con velocità variabile linearmente da zero 
sulla parete, fino ad un massimo (uc) con-
seguito a distanza dalla parete stessa: tale 
velocità massima si mantiene costante nella 
massa del liquido fuori dello strato limite. 

Helmholtz giunge ad una relazione che 
mostra come la velocità (uc) risulti propor-
zionale al campo impresso, al potenziale e.c. 
alla costante dielettrica e sia indipendente 
dallo spessore ó dello strato limite. 

Lamb considera lo strato limite come un 
doppio strato elettrico di spessore ó, in cui la 
parte non adiacente alla parete del capillare 
si sposta sotto l'azione del campo elettrico 
esterno, contrariamente ad Helmholtz, il moto 
del liquido non è supposto laminare. La 
formula che si deduce da questa ipotesi diffe-
risce da quella di Helmholtz per un termine 
moltiplicativo, che diviene uguale all'unità 
quando si faccia l'ulteriore ipotesi del moto 
laminare. 

Perrin, facendo sostanzialmente le stesse 
ipotesi di Helmholtz, giunge alle stesse rela-
zioni. La differenza sta nel modo di tratta-
zione, estremamente semplificato mediante la 
considerazione dello strato limite come un 
condensatore. Inoltre Perrin pone in rela-
zione il potenziale e.c. con il potenziale 
normale del solido rispetto alla soluzione e con 
l'attività ionica, il che costihiisce un primo 
tentativo di spiegazione teorica dell'esistenza 
del potenziale e.c., fino al lavoro di Perrin 
semplicemente constatata. 

Con l'ausilio delle teorie classiche ora 
esposte, è facile mettere in relazione la velo-
cità di filtrazione ve (proporzionale al campo 
applicato) con la velocità uc di efflusso del 
liquido da uno dei capillari costituenti il 
filtro. Secondo VA. e sulla base delle ipotesi 
classiche il coefficiente di filtrazione (rapporto 
fra la velocità di filtrazione • e il campo) 
sarebbe proporzionale al potenziale elettroci-
netico. La conoscenza del coefficiente di filtra-
zione (facilmente misurabile sperimentalmente) 

permette, di conseguenza, di calcolare il po-
tenziale e.c.: il calcolo, condotto da vari stu-
diosi, su diverse sostanze, conduce a valori 
del potenziale e.c. dell'ordine di IO-2 volt. 

Le teorie classiche dell'effetto eletti-osmotico 
non vanno esenti da obiezioni, e talvolta pre-
vedono fatti che l'esperienza non conferma. 
Per esempio, secondo tutte le formule dedotte 
dalle teoria citate, la portata del flusso elet-
trosmotico varia in ragion diretta del quadrato 
del raggio del capillare, mentre l'esperienza 
mostra che l'efflusso raggiunge un massimo 
per un certo raggio del capillare, oltre il 
quale non è più possibile osservare alcun 
effetto apprezzabile; di più alcuni materiali a 
grana fina (quali per esempio, la bentonite) 
mostrano efflussi uguali, o anche maggiori, 
di materiali più grossolani, come fanghi o 
polveri di quarzo. 

Le prime teorie classiche portano ad espres-
sioni del potenziale e.c. che dipendono dal 
raggio del capillare: questo fatto e difficil-
mente spiegabile dal punto di vista fisico. 
Inóltre si assegna al potenziale e.c. un ordine 
di grandezza di IO-2 volt.; mentre i poten-
ziali di contatto delle catene galvaniche (che, 
secondo VA., rappresenterebbero le conse-
guenze di fenomeni analoghi all'effetto elettro-
osmotico) sono dell'ordine del volt. 

Infine, le teorìe classiche trascurano com-
pletamente i fenomeni elettrolitici, ovviamente 
sempre presenti nella massa del liquido, e 
che contribuiscono in maniera non trascura-
bile al trasporto di corrente. 

Per superare tutte queste difficoltà, VA. 
espone una sua teoria sull'effetto eletti-osmotico 
combinato con quello elettrolitico. 

Le ipotesi sono sempre le stesse, il poten-
ziale e.c. è definito ancora come d.d.p. fra 
strato limite e fase solida, il flusso elettrosmo-
tico è considerato laminare: in più, nel 
flusso di corrente interviene in modo essen-
ziale l'effetto elettrolitico. Con queste premesse, 
VA. deduce, per l'effetto eletti-osmotico, una 
espressione formalmente identica a quella di 
Helmholtz e Perrin, determina il rapporto 
fra corrente elettrosmotica e corrente elettroli-
tica, che risulta inversamente proporzionale 
al raggio del capillare: il che porta di con-
seguenza che, per raggi grandissimi, la cor-
rente è tutta elettrolitica, per raggi piccolissimi 
tutta elettrosmotica. 

Inoltre, VA. giunge ad una espressione del 
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potenziale e.c. indipendente dal raggio del 
capillare, e di ordine di grandezza molto 
più grande di quello previsto dalle teorie 
classiche; Vordine di grandezza è ricondotto a 
quello delle catene galvaniche. 

Per quanto riguarda il calcolo della portata, 
VA. fa Vipotesi che il trasporto dovuto al-
l'effetto elettrolitico sia complessivamente nullo 
e che il trasporto effettivo avvenga solo per 
effetto elettrosmotico, ed abbia quindi sede 
solo sullo strato limite: come conseguenza si 
ha una formula per il potenziale e.c., che 
permette di calcolare lo spessore dello strato 
limite. 

In conclusione, la teoria esposta dall'A. 
tende ad eliminare alcune delle più gravi 
contraddizioni fra teorie classiche ed espe-
rienza dell'effetto elettrosmotico, e completare 
quest'ultime, fornendo per esempio, il modo 
di calcolare lo spessore dello strato limite. 
Per contro, non entra in merito al meccanismo 
di formazione del potenziale e.c., se non con 
l'ipotesi che sia del tipo « potenziale di con-
tatto » di catene galvaniche: anzi VA. stesso 
raccomanda uno studio più approfondito di 
tale parte del fenomeno, chiave di volta del-
l'intero effetto. 

R E F E R E N C E S 

( ' ) CASAGRANDE, L . , Beview of Past and 
Current Work on Electro-Osmotic Stabili-
zation of Soils. Report to the Bureau of 
Yards and Docks, Harvard Soil Mechanics 
Series, 45, Harvard University, Cambrid-
ge, Mass. (1953). 

( 2 ) SCHAAD, W . u n d H A E F E L I , R . , Die An-
wendung der Elektrìzitàt zur Entwàsserung 
und Verbesserung feinkòrniger Bodenarten, 
Bulletin der Yereinigung Scliweizerischer 
Petrolgeologen und Ingenieure, 42. Mai 
(1946) and Strasse und Verkehr, 23/24, 
(1946). 

(3) Elelctrokinetische Erseheinungen und 
ihre Anwendung in der Bodenmeclianik, 
Schweiz. Bauzeitung, 65, Nr. 16-18, 
Zurich (1947). 

(4 ) Zastosoivanie elektrycznoszi do odwa-
niania i melioracji gruntów drnobnozi-
arnistycli, Obdudowa, 3, (1946). 

(6) Electro-Kinetic Phenomena and their 
Application to Soil Mechanics, National 
Research Council of Canada. Division of 
Building Research, 61, Ottawa (1948). 

(6) CASAGRANDE, L., Electro-Osmosis in Soils, 
Géotechnique, 1, Nr. 3, June (1949). 

(') WINTERKORN, H. F., Fundamental Simi-
larities between Electro-Osmotic and Thermo-
Osmotic Phenomena, Proc. Highay Res. 
Board. 27, pp. 443-455, (1947). 

( 8 ) H E L M I I O L T Z , H . , Studien iiber elelctrische 
Grenzscliichten, Wiedemanns Annalen der 
Pliysik und Chemie, 7, Leipzig (1879). 

( 9 ) L A M B , H . , On the Theory of Electric 
Endosmosis and other allied Phenomena, 
and on the Existence of a Sliding Coeffi-
cient for a Fluid in Contact with a Solid, 
Philosophical Magazine, 25, London (1888) 

(10) PERRIN, J., Mécanisme de Vélectrisation de 
contact et solutions colloidales, Journ. 
Chini. Phys. 2, (1904). 

(N) KUHN, W., Physikalische Chemie, Wepf & 
Cie, Basel (1947). 

( 1 2 ) SCHAAD, W . , Electrical Treatment of Soils, 
Proc. Int . Conf. Soil Mech. and Found. 
Engg. Rotterdam (1948), VI, p. 85. 

(13) v. SMOLUCHOWSKI, M., Elektrische Endos-
mose und Strómungsstróme, Graetz's Hand-
buch der Elektrizitàt und des Magne-
tismus, Leipzig (1912). 

(14) ILLIG, K . , u n d SCIIOENFELDT, N . , TJnter-
suchungen an Diaphragmen Wissenschaft-
liclie Veróffentlichungen Siemens-Konzern, 
VI, Springer Berlin (1927). 

( 1 5 ) P R A U S N I T Z , P . I I . , u n d R E I T S T O T T E R , J . , 
Elektropliorese, Elektroosmose, Elektrodia-
lyse, Th. Steinkoppf, Dresden u. Leipzig 
(1931). 

(16) BELLUIGI, A., Vollstàndige Entwàsserung 
des Wasseresàttiften Bodens durcli Elek-
trosmose, die Baubechnitz (Berlin), Januar 
1957. 

(17) — Teoria generale dell'elettrogeosmosi tri-
dimensionale, Geofìsica pura e applicata, 
47, pp. 90-102 (1957). 

(18) — Fenomeni elettrocinetici provocati in 
terreni cilindrici (fori di sonda, con fanghi 
etc.) saturi d'acqua (applicazioni varie). Me-
tano petrolio e nuove energie, N. 8, 1957. 




